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ABSTRACT 
CHARACTERIZATION AND GENETIC ANALYSIS OF THE 
CELLULOLYTIC MICROORGANISM THERMOBIFIDA FUSCA 
By Yu Deng  
A thesis (or dissertation) submitted in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy at Virginia Commonwealth University. 
Virginia Commonwealth University, 2011 
Major Director: Stephen S. Fong, Ph.D 
Assistant Professor, Chemical and Life Science Engineering 
 
Currently, one of the hurdles hindering efficient production of cellulosic biofuel is the 
recalcitrant nature of cellulose to hydrolysis. A wide variety of cellulase enzymes are 
found natively in microorganisms that can potentially be used to effectively hydrolyze 
cellulose to fermentable sugars. Thermobifida fusca is a high G-C content, 
thermophilic, gram-positive soil actinobacterium with high cellulolytic activity. The 
phenomenological and mechanistic parameters affecting cellulase activity were 
studied in T. fusca and two mechanisms have been found: 1) transcriptions of 
cellulase-related genes were not closely associated with measured differences in 
cellulase activity and 2) cellular energetics (intracellular ATP) correlated more closely 
to changes in specific cellulase activity.  
In T. fusca, CelR is thought to act as the primary regulator of cellulase gene 
expression by binding to a 14-bp inverted repeat: 5’-(T)GGGAGCGCTCCC(A) that 
is upstream of many known cellulase genes. An efficient procedure for creating 
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precise chromosomal gene replacements has been developed and this procedure was 
demonstrated by generating a celR deletion strain. Measurements of mRNA transcript 
levels in both the celR deletion strain and the wild-type strain indicated that the CelR 
potentially acts as a repressor for some cellulase genes and as an activator for other 
cellulase genes.  
Based on the protocol of disrupting celR gene, the direct conversion of untreated 
cellulosic biomass to 1-propanol in aerobic growth conditions using an engineered 
strain of T. fusca was demonstrated. Based upon computational predictions, a 
bifunctional butyraldehyde/alcohol dehydrogenase (encoded by adhE2) was added to 
T. fusca leading to production of 1-propanol during growth on glucose, cellobiose, 
cellulose (Avicel), switchgrass, and corn stover. The highest 1-propanol titer (0.48 g/L) 
was achieved for growth on switchgrass. 
The adaptive evolution of T. fusca was conducted to find a high cellulase-yield strain. 
The evolved strains of T. fusca were generated for two different scenarios: continuous 
exposure to cellobiose (strain muC with specialist phenotype) or alternating exposure 
to cellobiose and glucose (strain muS with generalist phenotype). Characterization of 
cellular phenotypes and whole genome re-sequencing were conducted for both the 
muC and muS strains and 18 and 14 point mutations in the muC and muS strains, 
respectively were verified. Among these mutations, the site mutation of Tfu_1867 was 
found to contribute the specialist phenotype and the site mutation of Tfu_0423 was 
found to contribute the generalist phenotype. The experiment results were used to test 
genome-scale metabolic model of T. fusca built in this study.  
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CHAPTER 1 INTRODUCTION 
1.1 Introduction 
The USA consumes 150 billion gallons gasoline every year which is 10 times more 
than any other country in the world. Gasoline consumption in the US continues to 
increase despite rising prices for consumers resulting in an increasing dependence on 
foreign oil. Biofuels (combustible fuel made from agricultural or waste products) have 
been proposed as a means to reduce the dependence on foreign oil and to provide a 
long-term sustainable energy. 
Currently, the process of biofuel production needs a variety of pretreatments and 
hydrolysis steps to convert cellulose into glucose monomers using cellulase enzymes. 
Efficient processes for converting cellulose to biofuel would provide a sustainable 
energy source and could have a major impact on reducing carbon dioxide production. 
However, cellulose is a difficult polymer to use for chemical processing because the 
molecules form tightly packed, extensively hydrogen-bonded microfibrils which are 
embedded in the plant cell wall matrix(1). 
Collectively, cellulolytic microorganisms are found in many different branches of life 
such as Clostridium thermocellum(2), Humicola insolens(3), Aspergillus niger(4). 
While generally poorly-characterized, cellulolytic microbes possess great 
physiological and biochemical diversity making them interesting organisms to study 
from both a basic and applied perspective. The efficiency of anaerobe (such as 
Clostridium thermocellum) producing cellulases is pretty low because of the lack of 
oxygen and varieties of enzymes producing are really limited.  
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Recently, Thermobifida fusca (T. fusca), a cellulolytic actinobacterium which can 
produce cellulases converting cellulose to glucose used for producing biofuel has 
been highly studied(5-10). T. fusca is an aerobic, moderately thermophilic cellulolytic 
actinobacterium, and lives in the pH range from 4-10(8). It is a major degrader of 
plant cell walls in heated organic materials such as compost piles, rotting hay, or 
manure piles(11). The extracellular enzymes produced by T. fusca, including 
cellulases, have been studied extensively because of their thermostability, utility 
through a broad pH range (4-10) and high activity (8). 
The widely accepted mechanism for enzymatic hydrolysis of cellulose involves 
synergistic actions by endoglucanase (EC 3.2.1.4), exoglucanase (or 
cellobiohydrolase) (EC 3.2.1.91), and β-glucosidase (EC3.2.1.21). Six different 
cellulases have be purified and identified in T. fusca. Among them, three of them are 
endocellulases, Cel9B, Cel6A, and Cel5A (12-14); two of them are exocellulases, 
Cel6B and Cel48A (15, 16) and one is a novel processive endocellulase, Cel9A(17). 
In addition to cellulases, T. fusca also produces and secretes hemicellulases. Of the 
hemicellulases found in T. fusca, two are xylanases (xyl11A and xyl10B), one is a 
xyloglucanase (xg74A), and one is a mannanase (manB)(18-20). The cellulases in T. 
fusca act synergistically to convert insoluble cellulose to cellobiose, glucose or other 
soluble sugars.  
CelR (Tfu_0938) that has previously been identified as a regulator of several cellulase 
genes and is a member of the lactose repressor family and it binds cellobiose with an 
mM Kd(21). At first, CelR was thought to act as a repressor, and it binds to a 14-bp 
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inverted repeat: 5’-(T)GGGAGCGCTCCC(A) which is on the upstream of some 
cellulase genes. Besides, physiological concentrations of cellobiose (the major end 
product of cellulases) were found to cause dissociation of the CelR-DNA complex(22). 
However, Wilson, DB(20) predicted that CelR was not only a repressor but also a 
putative activator. 
This dissertation research is focused on 1 increasing the cellulase activity in T. fusca 
by optimizing culture parameters, genetic engineering and adaptive evolution; 2 
engineering T. fusca to generate biofuels by incorporating the extra metabolic 
pathways to it through genetic engineering.  
1.2 Specific aims 
The culture environment affects the cellulase production in T. fusca a lot and the 
maximal yield of cellulases can be achieved by optimizing fermentation parameters.  
On the other hand, the modification of the intracellular regulatory mechanisms of 
cellulase synthesis is another way to increase the cellulase production.  
Since the adaptive evolution generates the stable mutations in bacteria, it is employed 
to get the mutant T. fusca which is genetic stable and capable of synthesizing more 
cellulases.  
As there are only two steps missing for T. fusca to produce 1-propanol, and T. fusca 
was engineered to produce 1-propanol by adding a bifunctional aldehyde/alcohol 
dehydrogenase gene (adhE2) in to the chromosome fo T. fusca.  
1.2.1 Specific aim 1: Culture aeration and cellular mechanisms influencing 
cellulase activity of T. fusca 
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Based upon an initial observation of different growth characteristics of T. fusca 
cultured in a flask as compared to a bioreactor, two sets of experiments were 
conducted to  
1) study the mechanistic differences in growth in a flask compared to a bioreactor  
2) study the cell culture parameters influencing cellulase activity by using a series of 
bioreactor experiments. 
1.2.2 Specific aim 2: Development and application of a PCR-targeted gene 
disruption method to study CelR function in T. fusca 
1) A PCR-based gene disruption protocol for T. fusca adapted from other existing 
methods that permits the deletion of celR gene was developed.  
2) The constructed celR deletion strain was characterized using measurements for 
cellular growth, cellulase activity, and gene expression of 18 cellulase-related genes. 
3) The developed method and results will provide a framework for continuing to 
study the cellulolytic capabilities of T. fusca and may facilitate the development of 
genetic manipulation techniques in other intractable thermophilic organisms. 
1.2.3 Specific aim 3: Metabolic engineering of T. fusca for direct aerobic 
bioconversion of untreated cellulosic biomass to 1-propanol 
Based on our analysis of the metabolic pathways of T. fusca, it is found that there are 
two steps missing to synthesize 1-propanol. The missing steps are catalyzed by 
bifunctional aldehyde/alcohol dehydrogenase .  
1) The gene adhE which encodes bifunctional aldehyde-CoA/alcohol dehydrogenase 
was incorporated in T. fusca by genetic engineering. And the new T. fusca strain was 
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named B6 
2) Different substrates including switchgrass and corn stover were used to produce 
1-propanol and maximal yield of 1-propanol was 0.48 g/L on switchgrass which is the 
best one for 1-propanol production. 
1.2.4 Specific aim 4: Laboratory evolution and multi-platform genome 
re-sequencing of the cellulolytic actinobacterium T. fusca 
Laboratory adaptive evolution experiments have been conducted in the past as a 
means of studying genetic changes in relation to phenotypic changes.  
1) The laboratory adaptive evolution experiments to T. fusca were conducted in two 
different conditions to increase cellulase production, characterized the phenotypic 
changes during evolution. 
2) A full genome re-sequencing using two different platforms (454 and Illumina 
sequence) to identify genetic mutations that arise during evolution was conducted.   
3) A new protocol of testing fitness contribution of acquired mutations has been 
established 
1.2.5 Specific aim 5: Genome-scale reconstruction and analysis of the T. fusca 
metabolic network interpreting adaptive evolution 
1) A constraint-based model of T. fusca has been established 
2) The model was verified by the experimental results and the details have been 
shown in chapter 6. 
1.3 Significance and competitive advantages of T. fusca 
T. fusca is an aerobic, moderately thermophilic cellulolytic actinobacterium, and lives 
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in the pH range from 4-10. So, T. fusca is more efficient than other cellulolytic 
bacteria especially anaerobes such as Clostridium thermocellum and Clostridium 
acetobutylicum.  
The most important character of T. fusca compared to the traditional bacteria systems 
such as E. coli in biofuel industry is that T. fusca is able to directly convert the 
cellulose or other raw untreated materials to the biofuels. And it can survive in harsh 
conditions such as high or low pH, high temperature, etc. Because of fast growth and 
thermophilic property, T. fusca is barely contaminated by other microganims and has 
very reliable fermentation characteristics. 
To increase the activity of cellulases by optimizing the contribution of different 
environment variables is fundamental and important for its industrial application.  
To study the regulation of cellulase gene expression, the most efficient method is to 
disrupt regulatory genes, but there were not any genetic engineered actinobacteria 
reported. So a method for manipulation of chromosomal DNA in T. fusca has been 
developed, which could build the fundamental platform for genetically engineering on 
actinobacteria.  
Although the mutations gained by adaptive evolution are much more stable than 
engineered bacteria, there are no reports about laboratory adaptive evolution on 
cellulolytic bacteria. By evolving T. fusca on different carbon sources, a stable high 
cellulase-yield T. fusca mutant was obtained. Because it is impossible to know all the 
mutations fixed during adaptive evolution on T. fusca by traditional protocols, the 
next-generation genome sequencing will be used. Instead of using one genome 
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sequence (Illumina or 454) for sequencing chromosome, both of them were used, and 
their sequence data were compared to efficiently eliminate any errors and fast find the 
real mutations. Through this aspect, an excellent sample of evolution and 
next-generation sequence for cellulolytic bacteria was provided.  
T. fusca could potentially generate 1-propanol by adding two metabolic steps into it. 
There are only two steps (catalyzed by aldehyde dehydrogenase and alcohol 
dehydrogenase) missing in T. fusca. The most important advantage of T. fusca 
producing 1-propanol is that the raw cellulosic materials could be directly used to 
produce 1-propanol. It will build a broad avenue for biofuel industry because aerobes 
are more efficient and competitive than anaerobes.  
1.4 Research context 
1.4.1 Cellulase regulation 
Organisms employ a number of different control mechanisms to regulate the genes 
and proteins present at any given time. The most prevalent of these mechanisms 
occurs at the level of mRNA transcription where transcriptional regulatory 
mechanisms control individual gene expression in a coordinate manner. Regulatory 
control mechanisms have been studied and identified related to cellulase expression in 
several cellulolytic microorganisms including Clostridium thermocellum, Clostridium 
cellulolyticum(2) and the fungi Trichoderma reesi and Aspergillus niger(4). 
In T. fusca, CelR (Tfu_0938) has previously been identified as a regulator of several 
cellulase genes, and it is a member of the lactose repressor family, and binds 
cellobiose with an mM Kd(23). Initially, CelR was thought to act as a repressor of 
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cellulase gene expression by binding to a 14-bp inverted repeat: 
5’-(T)GGGAGCGCTCCC(A) that is upstream of many cellulase genes. It has also 
been found that physiological concentrations of cellobiose (the major end product of 
cellulases) were found to cause dissociation of the CelR-DNA complex(22). However, 
recent observations have suggested that CelR is not only a repressor but also a 
putative activator(20).  
1.4.2 Gene disruption 
One of the most common methods used for gene disruption requires creating gene 
disruption cassette containing the long (>1K) homologous regions to the target gene at 
the both ends of the antibiotic gene (such as kanamycin and ampicillin)(24). In some 
microorganisms (for example Saccharomyces cerevisiae) whose 
exonuclease/endonuclease activity is low, genes can be directly disrupted by 
transformation with PCR fragments encoding a selectable marker and having only 
dozens of flanking DNA homologous to the chromosome(25). This PCR-mediated 
gene replacement method has greatly facilitated the generation of specific mutants in 
the functional analysis of the yeast genome; it relies on the high efficiency of mitotic 
recombination in yeast. Directed disruption of chromosomal genes can also be done in 
Candida albicans by using similar PCR fragments with 50- to 60-nt homology 
extensions(26).  
Most microorganisms are not transformable with linear disruption cassette with short 
homology extensions. It has recently been shown that the λ Red (γ, β, exo) function 
promotes a greatly enhanced rate of recombination over that exhibited by recBC, 
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sbcB or recD mutants when using linear DNA(27). This system has produced no 
chromosomal gene disruptions when using PCR fragments with short homology 
extensions(28). A system has been developed that uses the RecET recombinase to 
disrupt plasmid-borne genes with such fragments(29). 
1.4.3 Adaptive evolution 
Evolution is defined as the result of environmental stress that selects the fittest(30). 
The phenomenon has come to be called ‘adaptive mutation’, by which is meant that 
during non-lethal selection produces mutations that relieve the selective pressure, 
whether or not other, non-selected mutations are also produced(31). Although most of 
the mutations are deleterious to organisms, some of the mutations are beneficial, and 
that subset is most interesting in terms of evolution. By choosing appropriate 
experimental conditions, it is possible to study the emergence of such beneficial 
mutations in populations. Recently, most of the adaptive evolution study is focused on 
microorganisms(30, 32-35). Microorganisms that have been used in evolution 
experiments include many bacteria and viruses, as well as unicellular algae and fungi. 
These organisms are well suited for such experiments for many practical reasons(36): 
• They are easy to propagate and enumerate. 
• They reproduce quickly, which allows experiments to run for many generations. 
• They allow large populations in small spaces, which facilitate experimental 
replication. 
• They can be stored in suspended animation and later revived, which allows the 
direct comparison of ancestral and evolved types. 
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• Many microbes reproduce asexually and the resulting clonality enhances the 
precision of experimental replication. 
• Asexuality also maintains linkage between a genetic marker and the genomic 
background into which it is placed, which facilitates fitness measurements. 
• It is easy to manipulate environmental variables, such as resources, as well as the 
genetic composition of founding populations. 
• There are abundant molecular and genomic data for many species, as well as 
techniques for their precise genetic analysis and manipulation. 
The general adaptive evolution procedures were shown by Fong et al(33) by using E. 
coli. Adaptive evolution was conducted in 100 mL of M9 minimal medium 
supplemented with 2 g/L glucose at 37 degree for 60 days. Average dilution at the 
time of passage was 1:100,000 (approximately 1 mL into 100 mL) every 24 h such 
that approximately 10 doublings occurred each day (exact number of doublings varied 
throughout evolution as growth rates changed). The inoculum was changed 
throughout the course of evolution to maintain cultures in exponential growth for each 
24 h culture period prior to being passed into fresh medium. Cultures were frozen and 
stored at regular intervals throughout adaptive evolution. The adaptive evolution of T. 
fusca will be conducted as the same way E. coli did. 
1.4.4 Next-generation genome sequencing 
The field of DNA sequencing technology development has a rich and diverse history 
but most of this research was relied on the principles of Sanger chemistry(37, 38). 
Sanger sequencing is mature and accurate but its through-put is very low which leads 
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to the high cost of a whole genome sequence. The emergence of the next-generation 
sequence techniques provides the alternative strategy to achieve high-throughput 
genome sequence. Currently, the next-generation sequence is in reference to the 
various implementations of cyclic-array sequencing that have recently been realized 
in a commercial product (Fig. 1)(39) (e.g., 454 sequencing, Illumina technology, the 
SOLiD platform, the Polonator and the HeliScope Single). Among these new 
technologies, the Roche 454 Genome Sequencer and the Illumina Genome Analyzer 
are the most widely used in the world.  
454 pyrosequencing is based on miniaturizing a pyrosequencing reaction and moving 
both the template preparation step and the pyrosequencing chemistry to the solid 
phase(40). 454 sequencing begins by ligating oligonucleotide adaptors to the DNA 
and immobilizing the ligation products onto beads(41)and the beads that carry the 
DNA template are isolated in specially synthesized fiber-optic picoliter volume wells. 
A complementary strand is synthesized by the sequential addition of one species of 
dNTP and DNA polymerase in the presence of a chemiluminescent enzyme, such as 
luciferase. Incorporation of a nucleotide into the complementary strand releases 
pyrophosphate emitting light detected by the reader(42). 
 23 
 
Fig. 1 The commercial products of the next-generation sequence(42)  
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CHAPTER 2 CULTURE AERATION AND CELLULAR MECHANISMS 
INFLUENCING CELLULASE ACTIVITY OF THERMOBIFIDA FUSCA 
Because the cellulases produced by T. fusca has the fantastic characteristics, they can 
be potentially be used in the biofuel industry. Before my dissertation study, there was 
no research about characteristics of T. fusca in the bioreactor had been done and this 
part of work is extremely important because if could provide plenty of information of 
optimizing the cellulase productions. At the same time, if people would like to scale 
up the laboratory scale bioreactor to the pilot plant bioreactor, one needs the 
fermentation characteristics data of design large-scale bioreactors for cellulase 
production. Besides, by knowing the fermentation characteristics of T. fusca, one can 
relate it with the intracellular mechanisms so that to get the hints to find out the target 
of intracellular manipulations for cellulases production and build the bright avenue to 
make T. fusca more powerful in the biofuel industry. 
The conclusions and fundamental results derived from this part of work: 
1) At the exponential phase, transcriptions of all genes in the flask were much 
stronger than those in the bioreactor, and 16 of them (except Tfu_1213 and Tfu_2923) 
were significantly different (P<0.01) 
2) Cellulase production was likely more influenced by post-transcription energetics 
rather than transcriptional regulation. 
3) CelR is likely not the repressor of some cellulase genes 
4) The higher aeration rate and moderate stir speed were the best parameters for 
producing cellulases 
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2.1 Introduction 
Cellulose is the most common organic compound on the Earth and can be potentially 
used as source material for biofuel production. Thermobifida fusca (formerly 
Thermomonaspora fusca) is an aerobic, moderately thermophilic, filamentous soil 
bacterium(8). It is a major degrader of plant cell walls in heated organic materials 
such as compost piles, rotting hay, or manure piles(11). The extracellular enzymes 
produced by T. fusca, including cellulases, have been studied extensively because of 
their thermostability, utility through a broad pH range (4-10) and high activity. 
Although most of the recent research on T. fusca is concentrated on regulation of 
cellulase-related genes and synergies in cellulase activity, few studies about the effect 
of general culture conditions on cellulase production have been published. Based 
upon an initial observation of different growth characteristics of T. fusca cultured in a 
flask as compared to a bioreactor, a series of experiments were conducted to 
investigate cellular mechanisms resulting in differences in cellulase activity as a 
consequence of the different culture systems. Our initial goal was to confirm 
differences in growth characteristics and cellulase activity due to growth in a shaken 
Erlenmeyer flask as compared to a stirred bioreactor. Two series of more detailed 
experiments were conducted to identify mechanistic changes in flask versus 
bioreactor growth and delineate the contributions of aeration and stir speed to 
cellulase activity. In the course of these experiments, specific cellulase activity, 
specific endoglucanase activity, intracellular ATP levels, mRNA transcript levels for 
18 cellulase-related genes and the oxygen transport coefficient, lK a , were 
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determined. 
2.2 Materials and Methods  
2.2.1 Culture conditions 
Thermobifida fusca ATCC BAA-629 was grown in Hagerdahl medium(43) containing 
1.0% cellobiose. For experiments conducted in Erlenmeyer flasks, 50 mL pre-cultures 
of T. fusca YX were grown at 55°C and 250 rpm for 24 hours in a 500 mL Erlenmeyer 
flask. Growth cultures for testing were inoculated using 5 % of the pre-culture and 
grown at 55°C and 250 rpm for 42-48 hours. For bioreactor experiments, 200 mL 
pre-cultures were grown for 24 hours and used to inoculate the bioreactor (B. Braun 
Biotech International, Allentown, PA) with a 4 L working volume. The bioreactor had 
a jacketed glass vessel with stainless steel-top plate and baffle insert. The bioreactor 
experiments were conducted with four baffles and two six-bladed-disk impellers for 
mixing. Cells were cultured in the bioreactor at 55°C for 42-48 hours. Stir speeds and 
aeration rates varied depending upon the specific experiment. To determine the 
oxygen supply in the bioreactor, the volumetric oxygen transfer coefficient ( lK a ) was 
calculated at different stir speeds and aeration rates(44). 
2.2.2 Enzyme activity assay  
Two assays were used to measure the overall cellulase and endoglucanase activity of 
culture supernatants. Filter paper was used as the starting material to measure overall 
cellulase activity, and endoglucanase activity was assayed by the measurement of 
reducing sugars generated from 0.5 % medium-viscosity carboxymethylcellulose 
(CMC). All the enzyme activity assays were measured by a mircoplate-based assay 
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(45). Assays were conducted in a 60 μl volume as follows. A 20 μl aliquot of raw 
enzyme was added into the wells of PCR plates containing 40 μl of 50 mM NaAc 
buffer and a filter paper disk (7 mm diameter) for cellulase activity or 40 μl of 50 mM 
NaAc buffer with 0.5% CMC for endoglucanase activity. After 60 min of incubation 
at 50 °C, 120 μl of 3,5-dinitrosalicylic acid (DNS) solution was added into each 
reaction and incubated at 95 °C in a thermal cycler (icycler®Thermocycler, BioRad, 
Hercules, CA) for 5 min. Finally, a 36 μl aliquot of each sample was transferred to the 
wells of a flat-bottom plate containing 160 μl of H2O, and the absorbance at 540 nm 
was measured on VersaMax EXT microplate reader (Molecular Devices, Sunnyvale, 
CA). One enzyme unit (U) is defined as an average of one μmole of cellobiose 
equivalent released per min in the assay reaction. All the enzyme activity values 
presented were averages obtained from triplicate measurements. Cell density 
measurement 
Due to the growth physiology of T. fusca (filamentous cells that aggregate), the 
culture density of T. fusca was determined by measuring cytoplasmic protein content. 
1 mL culture was centrifuged at 10,000×g for 5 min. The pellets were re-suspended in 
fresh media and centrifuged at 10,000×g for 5 min again. Sediments were dissolved in 
200 μl 50 mM Tris-HCl buffer (pH6.8) containing 2 % SDS, 0.1 M DTT and 50 % 
Glycerol. Samples were then pulsar sonicated at 70 % strength for 10 min in an ice 
bath. After centrifuging at 10,000×g for 5 min, the proteins in the supernatant were 
measured by the Bradford protein assay(46). The dry cell weight (DCW) is 
proportionally related to the overall protein content.  
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2.2.3 ATP determination 
ATP was measured by the ATP determination kit from Invitrogen (Carlsbad, CA) 
using the protocol suggested by the manufacturer. Specific ATP levels were defined as 
the amount of ATP divided by the amount of cytoplasmic proteins in T. fusca. For ATP 
assays, cells were sampled during mid-log phase growth. Experiments were 
conducted to assay for ATP levels for growth in a bioreactor at 55°C with the 0.375 
vvm aeration and a stir speed of 250 rpm and in 500 ml flasks at 55°C that were 
shaken at 250 rpm. 1 ml culture was centrifuged at 10,000×g for 10 min. The pellets 
were resuspended in the purified water and centrifuged at 10,000×g for 5 min again. 
Samples were then pulsar sonicated at 10 % strength for 5 min in the ice bath to 
release the ATP. After centrifuging at 10,000×g for 5 min, 10 μl supernatant was 
added into the wells of PCR plates containing 90 μl reaction solutions. After 
incubating in the VersaMax EXT microplate reader (Molecular Devices, Sunnyvale, 
CA) for 30 s at room temperature, the absorbance was measured at 560 nm. 
2.2.4 RNA preparation and Real-time PCR 
To study molecular-level differences in the cultures of T. fusca, gene expression was 
studied using real-time PCR using cells harvested at the mid-log growth phase and 
early stationary phase corresponding to experimental points exhibiting different 
cellulase activity. Cells at the selected points were centrifuged at 10,000 ×g for 5 min. 
The cell pellets were resuspended in RNAprotect bacteria reagent (QIAGEN, Valencia, 
CA) as proscribed by the manufacturer. After incubation at room temperature for 5 
min, the cells were pulsar sonicated at 10% strength for 2 min. RNeasy Midi kits 
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(QIAGEN, Valencia, CA) were then used to isolate RNA using the protocol suggested 
by the manufacturer. The real-time PCR measurements were performed in the ABI 
Prism® 7900 Sequence Detection System (Applied Biosystems, Foster City, Ca) ) 
using the TaqMan® One Step PCR Master Mix Reagents Kit (P/N: 4309169). The 
cycling conditions were: 48°C /30min; 95°C /10min; and 40 cycles of 95°C /15sec 
and 60°C /1min. The cycle threshold was determined to provide the optimal standard 
curve values (0.98 to 1.0).The probes and primers (Table 1) were designed using 
Primer Express® 3.0. 18 different cellulase-related genes were measured along one 
housekeeping gene (Tfu_02001404) that was used as a control and all reported 
transcript levels were normalized to this housekeeping gene. The probes were labeled 
at the 5’ end with FAM (6-carboxyfluoresceine) and at the 3’ end with 
TAMRA( 6-carboxytetramethylrhodamine).  
2.2.5 Statistical analysis  
All the data points were measured in triplicate. A Student’s t-test was used for 
statistical analysis.  
2.3 Results 
In this study, the filamentous actinomycete, T. fusca was studied to characterize 
differences in growth characteristics and cellulase activity resulting from growth in 
either shaken Erlenmeyer flasks or in a stirred bioreactor. Measurements of growth 
characteristics, cellulase activity, endoglucanase activity, and mRNA transcript levels 
were taken to compare flask and bioreactor cultures. The mRNA transcript levels for 
18 cellulase-related genes were measured using real-time PCR to associate molecular 
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mechanisms with measured cellulase activity. Finally, a series of controlled bioreactor 
experiments were conducted to determine the affects of aeration and stir speed on 
cellulase activity and cell growth of T. fusca.  
2.3.1 Flask versus Bioreactor Experiments 
2.3.1.1 T. fusca growth in bioreactor and flask  
Initial growth experiments were conducted to compare growth phenotypes of T. fusca 
in a bioreactor and a shaken Erlenmeyer flask. T. fusca was cultured in a bioreactor 
system at 55C in 1% (wt) cellobiose Hagerdahl medium with 0.375 vvm aeration and 
a stir speed of 250 rpm. Growth in 500 mL flasks was conducted at 55C in 1% (wt) 
cellobiose Hagerdahl medium with flasks shaken at 250 rpm. The cultures in the flask 
and bioreactor were intentionally carbon source limited, because a high cellobiose 
concentration would inhibit cellulase synthesis(47). At a macroscopic level, there 
were noticeable differences in the gross morphology of T. fusca in the two culture 
conditions. Cells grown in the bioreactor aggregated into small balls/clumps of cells 
whereas cells grown in flasks produced mycelia that connected cells in a web-like 
fashion. In terms of growth phenotypes, cellobiose was utilized at similar rates in the 
flask and bioreactor, but the cellular growth rates and dry cell weight yields were 
significantly different (Fig. 2).  
2.3.1.2 T. fusca cellulase activity in bioreactor and flask 
Concurrent with the growth phenotype characterization of T. fusca grown in a 
bioreactor or flask, measurements for both overall cellulase activity and 
endoglucanase activity were taken. All known cellulases in T. fusca are secreted(20), 
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so cellulase and endoglucanase activity were measured using culture supernatants. 
Specifically, overall cellulase activity was assayed through the hydrolysis of filter 
paper and endoglucanase activity was assayed through the hydrolysis of 
carboxymethylcellulose (CMC).   
 
Fig. 2 Dry cell weights (DCW) and reducing sugars in the flask and bioreactor. 
Cellobiose was chosen as the standard reducing sugar and dry cell weights were 
measured by proteins in cytoplasm. 
There was a consistent trend where the total cellulase and endoglucanase activity in 
the flask was higher than that in the bioreactor (Fig. 3 a, b). For overall cellulase 
activity, flask cultures reached a maximum cellulase activity of 1.96 0.13 U/mL 
(compared to a maximum cellulase activity of 1.69 0.12 U/mL in the bioreactor) and 
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maintained a higher level of activity throughout stationary phase (Fig. 3a).  
Endoglucanase activity was comparable in both growth systems (maximum activity of 
1.41  0.18 U/mL for bioreactor and 1.59  0.54 U/mL for flask) as shown in Fig. 3b. 
The doubling time of cells in shaken flasks and bioreactors was 3.37 h and 4.59 h, 
respectively, and growth in a bioreactor produced a higher maximum yield of cell 
mass (7.51 mg/mL in flask vs. 6.39 mg/mL in bioreactor). 
Due to the observed differences in cell yield, specific cellulase and specific 
endoglucanase activity were also calculated to determine enzyme activity per 
microgram of dry cell weight. The specific cellulase and endoglucanase activities 
were significantly different for growth in a bioreactor compared to growth in a 
flask(Fig. 3 c, d) with cells in the bioreactor exhibiting higher per cell overall 
cellulase and endoglucanase activity. T. fusca in the bioreactor exhibited a maximum 
specific cellulase activity of 0.718  0.079 U/mg and cells grown in flasks showed a 
maximum specific cellulase activity of 0.327 0.003 U/mg.  
A similar result was found for specific endoglucanase activity where cells in the 
bioreactor had a maximum specific endoglucanase activity of 0.560 0.021 U/mg 
(compared to a maximum of 0.287 0.040 U/mg in flasks) and an average specific 
endoglucanase activity of 0.429  0.026 U/mg (compared to an average of 0.199  
0.033 U/mg in flasks).
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Table 1 Primers used for Real-Time PCR 
 
Locus Forward Primer Reverse Primer Probe 
Tfu_1627 5'CTCCGCTGTGAGGTCATCCT  5'GGATCGAGATCTGGGTCTCCTA 5'CAGTTCGAATCCCCCTACGGAAGGAC 
Tfu_1074 5'CCGTCCCGCCTACATCATC 5'TGGACGTGCTGCATGCA 5'CGGACCTGATCTCGCTGATGTCGA 
Tfu_0620  5'GCTGGGTCCCGATGAACTC 5'CAGGTTCTCGTAGTCTGCGAAGT 5'ACATCGACCCGATCGCCGACA 
Tfu_2176 5'CTTGGCGAAGGCCGAGTA 5'ATTTTTGCTTGCCGGTTTCC 5'CTCTCCACCGAGCAGCAGACCGA 
Tfu_0901 5'GACGCCCTGGCCTACGA 5'AGCCGTCTTCCTGGATGTACA 5'TGGAAGGCCGACATCATCCGC 
Tfu_1959 5'CGTCGCCGAAGTCAAGGT 5'GCCGCTCTGGCTGAACAC 5'TCCCCGGTAACCAGCAGATCACCA 
Tfu_1268 5'CACCGACGTCAACAACACCTT 5'TGGTGACGTAGACCAGGAAGTAGTC 5'CCATCCACCTGTACGACCAGGCCA 
Tfu_1665 5'AACCCCGCTTGCCAGAA 5'GAGGTTGCCGAACCAGTTGT 5'CTGCTTGCGGAGAACGGCAACTACC 
Tfu_0934 5'AGGTCGGTAAGAAGTTCCAGGAA 5'CGTTGACGGCGCTGAAG 5'CCTTCATCTCCACGACCGTCCCCT 
Tfu_0937 5'TCTCGAGGAGACTCCCAAACC 5'AGCCTTCGATCTGGAACGAA 5'ATATCCGCTTCCCGTCCGATTTCGT 
Tfu_0938  5'CTGGTGGTGTCGGAAAACAA 5'CCCGTTCGGACAGAGCAA 5'AACCCTTCTATGCCGGGATCGTGC 
Tfu_2923 5'GCTCAACAGTGACGCCCAGTA 5'TCTCGTTTTCGTGGGTGATG 5'CGCAACATCGCGGCTACCCAGT 
Tfu_2788 5'GGACTACACCGTGGTCAATGACT 5'CTGCAGGGTCCAGTTGTTGAT 5'TCACCGTCTCCAACACCGGATCCT 
Tfu_1213  5'TGGAGTACTACATCGTCGAAAGCT 5'CGTGGTCTTGTAGATGTCGTAGGT 5'ACCTACATGGGCACGGTGACCACC 
Tfu_2791 5'CCCCGGAAAACCAGATGAA 5'CGGCCATGGCGAAGTC 5'TCCATCCTGAGCCGGACCGCTA 
Tfu_1612  5'CACGGAGGAACCGTCCACT 5'AGGAGACAGCGCAGGCG 5'CGCCAACGGAGGAGCCGC 
Tfu_2990 5'CTACAGCACGCTGGTCAGTCA 5'TGATCTGGGCCACGAGGAT 5'ATGCGGGCCAACAACCCGAAC 
Tfu_0900  5'ACGAACACCATGCGGAACA 5'CCGTACATGTGGATCGAGAAGA 5'CAGGTGTACGCCAGCGACCCCA 
Housekeeping 
(Tfu_02001404) 
5'CATCGCCTGCCTGATGCT 5'GCCATCACCGCCTTGAAG 5'TTCGCCGATGACGACGCGC 
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Fig. 3 Cellulolytic enzyme activities in the flask and bioreactor of T. fusca YX. 
Cellulase activity was assayed by filter paper and endoglucancase activity was 
measured by CMC as the substrate. Specific enzyme activities were calculated by 
dividing enzyme activities by dry cell weights. a: cellulase activity; b: endoglucanase 
activity; c: specific cellulase activity; d: specific endoglucanase activity. 
 
2.3.1.4 Gene expression of cellulase genes 
In addition to the growth phenotypes and cellulase and endoglucanase assays, 
real-time PCR was used to study molecular-level changes. According to the genome 
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sequence of T. fusca(8), 18 genes were identified to be potentially related to cellulase 
synthesis. Gene expression of these 18 genes (Table 2) was studied using triplicate 
real-time PCR measurements during exponential growth and stationary phase to 
correspond with measured differences in cellulase activity. 
 
Fig. 4 Measured specific ATP levels (ng ATP/mg T. fusca protein) of T. fusca in 
bioreactor and flask growth. Experiments were conducted at 55°C with bioreactor 
experiments aerated at 0.375 vvm and a stir speed of 250 rpm and flask experiments 
shaken at 250 rpm 
 
In general, the measured mRNA transcript levels for the 18 genes studied were higher 
in the flask cultures than in the bioreactor. During exponential growth, 16 of the 18 
genes had statistically higher transcript levels (p<0.01) in the flask as compared to the 
bioreactor. The remaining two genes showed no statistical difference between the two 
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conditions. In stationary phase, 10 of the 18 genes maintained higher mRNA levels 
(p<0.01) in the flask as compared to the bioreactor with 4 genes showing no statistical 
difference and 4 genes having statistically higher transcript levels in the bioreactor. 
The four genes that showed higher mRNA transcript levels in stationary phase in the 
bioreactor were two exocellulases (Tfu_0620 and Tfu_1959), one transporter 
(Tfu_0934), and one mannanase (Tfu_0900). 
One gene of specific interest is celR (Tfu_0938) that has previously been identified as 
a regulator of several cellulase genes. Results for both exponential growth and 
stationary phase showed that there were consistently higher transcript levels of celR in 
flask growth experiments than in bioreactor growth (p<0.01). Eight out of 18 genes in 
this study have the perfect 14 bp palindrome on their 5’-upstream region that is 
recognized by celR: Tfu_1627, Tfu_1074, Tfu_0620, Tfu_2176, Tfu_0901, Tfu_1959, 
Tfu_1665 and Tfu_0934. It was observed that transcript levels of all of these genes 
mirrored the transcript levels of celR (in this case increased with increased amounts of 
celR).  The gene Tfu_2923 has an imperfect 14 bp palindrome that has been 
proposed to be repressed by CelR. Our results show that transcript levels of Tfu_2923 
increased as the amount of celR increased thereby indicating that celR likely did not 
repress expression of Tfu_2923 as has been previously suggested(8). 
2.3.2 Bioreactor Experiments 
2.3.2.1 Factors influencing T. fusca phenotypes 
Based upon our results that indicated different levels of overall cellulase activity, 
endoglucanase activity, and cell growth between the growth in a shaken flask and a 
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stirred bioreactor, a series of controlled bioreactor experiments were conducted in an 
attempt to delineate the factors influencing cellulase production and cell growth.  
While there may be additional parameters affecting cellulase activity, we focused on 
two of them that were clearly different in the two conditions, agitation and aeration. 
Because T. fusca is a filamentous bacterium, the amount of agitation (and resulting 
shear forces) can have a direct impact on physiological functions(48). Another major 
difference for growth in a flask versus a bioreactor is the level of oxygen available to 
cells. All of the experiments in the following sections were conducted using a 
bioreactor to allow for more precise control over each culture parameter.  
2.3.2.2 Bioreactor with different aeration rates 
To determine if the supply of oxygen was a key factor affecting cellulase production, 
a series of growth experiments with different aeration rates was conducted. The 
culture stir speed was kept constant at 200 rpm and aeration rates of 0.2 vvm, 0.5 vvm, 
and 1 vvm were tested. To help determine the amount of oxygen available in each 
experiment, the mass transfer coefficient for oxygen, lK a , was determined. Cells 
grown with 0.5 vvm sparging appeared to grow faster than the other two cultures (Fig. 
5a). lK a  was determined to be 10.43 h
-1 at 0.2 vvm and 16.02 and 16.13 for the 0.5 
vvm and 1 vvm experiments, respectively. Overall cell yields at 0.5 and 1 vvm were 
almost the same but higher than at 0.2 vvm. It appeared that above a critical aeration 
rate (0.5 vvm in this study), the cell growth of T. fusca was not appreciably affected 
by aeration rate.  
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Table 2 Gene expressions in flask and bioreactor at exponential and stationary phase of Thermobifida fusca YX 
No. Locus Gene Product (protein designation)                      Transcript ratio in  
Exponential phase Stationary phase 
Bioreactor  Flask P>Fa Bioreactor Flask  P>Fa 
1 Tfu_1627 β-1,4-Endoglucanase (Cel9B) 21.07 ± 2.48 59.36 ± 1.68 <0.01 12.04 ± 0.82 12.11 ± 0.82 NS 
2 Tfu_1074 β-1,4-Endoglucanase (Cel6A) 35.32 ± 1.44 93.02 ± 5.28 <0.01 10.93 ± 0.93 19.07 ± 0.27 <0.01 
3 Tfu_0620  β-1,4-exocellulase (Cel6B) 17.63 ± 0.62 34.94 ± 1.08 <0.01 12.48 ± 0.48 0.86 ± 0.07 <0.01 
4 Tfu_2176 β-1,4-Endoglucanase (Cel9A), Progressive 72.95 ± 5.74 169.51± 17.82 <0.01 12.49 ± 0.32 28.94 ± 1.92 <0.01 
5 Tfu_0901  Endo-1,4-β-glucanase (Cel5A) 26.98 ± 0.67 51.85 ± 3.81 <0.01 15.75 ± 1.52 25.82 ± 1.04 <0.01 
6 Tfu_1959  β-1,4-exocellulase (Cel48A) 20.59 ± 0.33 47.64 ± 3.27 <0.01 15.17 ± 2.15 5.30 ± 0.26 <0.01 
7 Tfu_1268 Predicted cellulose-binding protein (E7) 32.12 ± 0.97 82.08 ± 10.07 <0.01 14.16 ± 1.04 17.8 ± 1.47 NS 
8 Tfu_1665 Predicted cellulose-binding protein (E8) 14.48 ± 0.70 50.19 ± 2.63 <0.01 12.96 ± 0.30 17.62 ±  
1.59 
<0.01 
9 Tfu_0934 Predicted ABC-type sugar transport system 43.76 ± 0.75 138.12 ± 4.02 <0.01 16.12 ± 0.51 3.47 ± 0.21 <0.01 
10 Tfu_0937 β-Glucosidase (BglC) 96.20 ±7.36 335.90 ± 7.13 <0.01 15.84 ± 0.44 15.27 ± 1.99 NS 
11 Tfu_0938  CelR 35.93 ±3.22 83.23 ± 5.17 <0.01 8.23 ± 0.57 24.65 ± 2.64 <0.01 
12 Tfu_2923  β-1,4-Endoxylanase (Xyl10A) 16.86 ± 1.62 19.53 ± 1.69 NS 15.11 ± 1.67 38.67 ± 2.10 <0.01 
13 Tfu_2788 Putative β-1,4-endoxylanase 41.94 ± 0.88 80.57 ± 9.57 <0.01  14.69 ± 0.55 13.60 ± 1.29 NS 
14 Tfu_1213  β-1,4-Xylosidase 26.67 ± 2.06 33.40 ± 2.49 NS 11.85 ± 0.15 31.69 ± 3.13 <0.01 
15 Tfu_2791 β-1,4-Endoxylanase (Xyl10B) 18.28 ± 1.21 25.14 ± 1.04 <0.01 15.74 ± 0.69 40.16 ± 4.82 <0.01 
16 Tfu_1612  Putative secreted xyloglucanase 18.32 ± 2.21 31.02 ± 2.29 <0.01 14.83 ± 1.07 50.99 ± 0.64 <0.01 
17 Tfu_2990 Putative secreted xylanase 17.67 ± 1.18 32.89 ± 1.19 <0.01 15.93 ± 0.52 34.53 ± 0.70 <0.01 
18 Tfu_0900  Putative secreted β-mannanase 2.45 ± 0.071 5.35 ± 0.23 <0.01 17.62  ± 1.16 5.64 ± 0.70  <0.01 
a  P values for differences in expression between flask and bioreactor. NS, not significant (P>0.01). F is the variance ratio ±: standard deviation 
 39 
The maximum observed overall cellulase activity at 1 vvm (2.067 ± 0.310 U/mL) was 
almost 2-fold higher than at 0.5 vvm (1.079 ± 0.439 U/mL) and 0.2 vvm (0.99 ± 0.01 
U/mL), shown in Fig. 5b. Endoglucanase activity did not appear to be strongly 
influenced by changes in aeration rate (Fig. 5b) with the highest measured 
endoglucanase activities of 1.528 ± 0.198 U/mL and 1.537± 0.078 U/mL at 1 vvm and 
0.5 vvm, respectively. These results indicated that the overall cellulase activity in T. 
fusca preferred high aeration rates.  
 
Fig. 5 The cell growth, maximum cellulase and endoglucanase activity of T. fusca at 
different aeration rates with a constant stir speed of 200 rpm for growth in a bioreactor. 
a: cell growth b: Maximum cellulose activity, endoglucanase activity and lK a  
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2.3.2.3 Bioreactor with different stir speeds 
As T. fusca is a filamentous actinomycete, it is possible that different stir speeds (and 
resulting shear forces) could influence both cellular oxygenation and cellular 
physiology related to morphology. Based upon the previous set of results with 
aeration rates, an aeration rate of 1 vvm was selected for all experiments and stir 
speed was varied. Growth and cellulase activity were tested at three stir speeds: 400 
rpm, 200 rpm and 50 rpm (all at 1 vvm aeration). In terms of cell growth rate and 
yield, cells grown at 50 rpm and 200 rpm showed similar results (Fig. 6a).  Cells 
grown with a stir speed of 400 rpm grew slower and resulted in significantly 
decreased cell yield (4.80 g/L compared to 7.39 g/L at 50 rpm and 7.98 g/L at 200 
rpm). As could be expected, the highest lK a  was 17.62 h
-1 at 1 vvm and stirring at 
400 rpm, but the high shear stress associated with the high stir speed appeared to be 
greatly detrimental to cellular growth. 
At a constant aeration rate, there were measurable differences in both overall cellulase 
activity (Fig. 6b) and endoglucanase activity (Fig. 6b) at the different stirrer speeds.  
The highest overall cellulase activity was observed at 400rpm (2.086 ± 0.207 U/mL) 
and 200 rpm (2.067 ± 0.310 U/mL). These levels of cellulase activity were more than 
1.5 times higher than the cellulase activity at 50 rpm (1.317 ± 0.129 U/mL). The 
highest endoglucanase activity (1.646 ± 0.206 U/mL) was observed at 50 rpm (Fig. 
6b).  The endoglucanase at 200 rpm and 400 rpm were 1.528 ± 0.298 U/mL and 
1.262 ± 0.013 U/mL, respectively. Because the oxygen supply was sufficient, 
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cellulase production did not change appreciably at stir speeds above 200 rpm. 
Endoglucanase activity appeared to be adversely affected by the high stir speed. 
 
Fig. 6 The cell growth, maximum cellulase and endoglucanase activity of T. fusca at 
different stir speeds with aeration of 1 vvm for growth in a bioreactor. a: cell growth b: 
Maximum cellulose activity, endoglucanase activity and lK a  
 
2.4 Discussion 
To help offset some the global demand for renewable energy, research is being 
conducted to develop efficient methods of producing biofuel. Efficient production of 
biofuel from cellulose is an area of great potential due to the low-cost, abundant, and 
renewable nature of cellulose. One of the main challenges in utilizing cellulose for 
biofuel production is the need to hydrolyze cellulose into fermentable glucose 
monomers using cellulase enzymes (which can be expensive). Several organisms 
natively produce a host of cellulases. Here the thermophilic, aerobic, cellulolytic 
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actinomycete, Thermobifida fusca was of interest to study how different culture 
parameters (aeration rate and stir speed) affect cellular mechanisms that can lead to 
increased cellulase production and activity. Using two sets of experiments, we first 
sought to characterize the mechanistic changes associated with measured differences 
in cellulase and endoglucanase activity. We then sought to delineate the effects of 
aeration and stir speed as culture parameters that influence the cellulase and 
endoglucanase activity of T. fusca. Mechanistically, it was found that 1) mRNA 
transcript levels of cellulase-related genes were not closely associated with measured 
differences in specific cellulase and endoglucanase activity and  2) cellular 
energetics (intracellular ATP) correlated more closely to changes in specific cellulase 
activity. In terms of culture system parameters, it was found that increasing the 
aeration rate and stir speed (to yield a high oxygen transfer coefficient) led to the 
highest cellulase activity but did not appear to affect endoglucanase activity.   
Initially, it was observed that T. fusca exhibits markedly different growth behaviors 
when grown in a flask or a bioreactor. It was found that cell yields were significantly 
different for growth in a shaken flask as compared to a bioreactor, so subsequent 
characterizations of cellulase activity were compared both as overall activity and 
specific activity (normalized to cell mass). Initial comparisons of total cellulase 
activity, endoglucanase activity, and cell growth indicated that there were clearly 
different phenotypes due to differences of the culture conditions with flask cultures 
having higher total cellulase and endoglucanase activity, but bioreactor cultures 
having higher specific cellulase and specific endoglucanase activity. 
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Mechanistically, the expectation was that mRNA transcript levels (a per cell 
measurement) should be most closely related to the specific cellulase activity during 
exponential growth. The mRNA transcript measurements did not appear to strongly 
correlate with the measured specific cellulase or specific endoglucanase activity. In 
both cases, mRNA transcript levels were statistically significantly higher in the flasks 
than in the bioreactor, but specific cellulase and specific endoglucanase activities 
were higher in the bioreactor. The only genes that showed statistically increased 
mRNA transcript levels in the bioreactor (as compared to growth in flasks) were two 
exocellulases (Tfu_0620 and Tfu_1959), one transporter (Tfu_0934), and one 
mannanase (Tfu_0900). One conclusion could be that these genes, especially the two 
exocellulases (Tfu_0620 and Tfu_1959), play a dominant role in the overall cellulase 
activity. Interestingly, these two genes represent two types of exoglucanase. One, 
Tfu_0620 (Cel6B), hydrolyzes cellulose from the non-reducing end of the cellulose 
chain while the other Tfu_1959 (Cel48A) acts from the reducing end(15). This 
combination of exoglucanase activity can be very effective (synergistic) at increasing 
the efficiency of cellulose hydrolysis and could potentially explain the higher 
observed total specific cellulase activity.   
An alternative interpretation could be that the specific cellulase and specific 
endoglucanase activity are only tangentially associated with mRNA transcript levels 
and subsequent biological steps (such as translation) may be more dominant in 
dictating enzyme activity. By measuring the intracellular ATP levels, it was found 
that there was approximately a three-fold increase in available ATP during 
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exponential growth in the bioreactor cultures as compared to the flask cultures. While 
not conclusive, this result does support the idea that cellular energetics may have a 
large influence on cellulase and endoglucanase activity more so than mRNA 
transcription levels. 
A secondary consequence of conducting measurements of mRNA transcript levels 
was the ability to comment on potential transcriptional regulatory mechanisms 
specifically related to the previously identified regulatory gene, celR (Tfu_0938). 
CelR binds to a 14-bp inverted repeat (5’-TGGGAGCGCTCCCA) and some genes 
with imperfect palindromes (for instance Tfu_2923) are also thought to be regulated 
by CelR. Overall, CelR is thought to regulate the following genes: cellulase-related 
(Tfu_0620, Tfu_0901, Tfu_0934, Tfu_1074, Tfu_1627, Tfu_1665, Tfu_1959, Tfu_2176, 
and Tfu_2923 that has the imperfect palindrome sequence) and three non-cellulase 
related genes. Results for exponential growth showed no inconsistency with the idea 
that CelR could act as a regulator for the eight cellulase-related genes that have the 
perfect 14-bp repeat. Results from stationary phase showed a discrepancy in transcript 
levels between 4 of these genes (Tfu_0620, Tfu_0934, Tfu_1959, and Tfu_1627) and 
celR levels indicating that the transcriptional regulatory mechanism controlling theses 
genes may be more complex during stationary phase (not solely controlled by celR or 
the effect of celR is altered). With regard to the imperfect regulatory sequence 
associated with Tfu_2923, it has been suggested that celR acts to repress expression of 
Tfu_2923 (8). Our results do not support this suggestion and the regulatory 
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mechanisms for Tfu_2923 and other cellulase-related genes remains an area requiring 
further detailed research. 
Since T. fusca is aerobic and filamentous, we focused on aeration rate and stir speed 
(associated shear stress can affect the formation of mycelia) when studying the culture 
system parameters that can influence cellulase activity. A series of bioreactor 
experiments studied the affect of aeration rate and stirrer speed on cell growth, overall 
cellulase activity, and endoglucanase activity. It was found that at a constant stir speed 
(200 rpm), increasing the aeration rate (up to the 1 vvm tested in this study) resulted 
in an increase in the overall cellulase activity, but did not appreciably affect cell 
growth. At a constant high aeration rate (1 vvm) with various stirrer speeds, there was 
a trade-off in terms of cellulase and endoglucanase activity, but higher stir speeds 
were detrimental to cell growth above 200 rpm.   
Growth and cellulase assay results indicated that overall cellulase activity and 
endoglucanase activity were affected differently by changes in culture parameters.  
Specifically, endoglucanase activity was much more sensitive to the agitation by 
stirring than exoglucanase (as evidence by the difference in endoglucanase activity 
compared to overall cellulase activity), and exoglucanase activity appeared to 
compensate for the reduction of endoglucanase to increase overall cellulase activity at 
the high stir speed.  
2.5 Conclusions 
Overall, it is found that the culture parameters of aeration rate and stir speed strongly 
influence the growth characteristics and expression and activity of different cellulases 
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in T. fusca. The specific cellulase and specific endoglucanase activity was found to be 
higher in a stirred, aerated bioreactor than in a shaken flask. The mRNA transcript 
levels indicate that two exocellulases (Tfu_0620 and Tfu_1959) may play dominant 
roles in cellulase activity, but there is also evidence that cellulase activity may be 
more closely related to the energetics of a post-transcriptional event such as protein 
translation. Measurement of intracellular ATP levels show a large difference in 
available ATP with bioreactor cultures having nearly three times more ATP available.  
This large energetic difference likely plays an important role in allowing increased 
protein synthesis (cellulase synthesis) in the cells grown in the bioreactor thereby 
potentially explaining the measured differences in specific cellulase and specific 
endoglucanase activity that were accounted for by mRNA transcript levels at 
exponential phase. This is also consistent with our results showing the highest enzyme 
activities were found at the highest aeration rates where oxidative respiration could 
generate the maximal amount of ATP. This perspective was only possible by utilizing 
an aerobic cellulolytic microbe and indicates that overall cellular energetics may be 
the most dominant controlling factor in cellulase activity. 
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CHAPTER 3 PCR-TARGETED THERMOBIFIDA FUSCA GENE 
REPLACEMENT IDENTIFIES THE FUNCTION CELR FOR CELLULASE 
SYNTHESIS 
In the previous chapter, we know that the cellulase productions in T. fusca cells were 
more influenced by post-transcriptional energetic rather than transcriptional regulation. 
Besides, it has been found a CelR protein (regulatory protein) regulating several 
cellulase genes transcriptions and also the functions on these cellulase genes were 
unknown.  
Although a lot of fantastic work on discovering the intracellulase mechanisms of T. 
fusca cells has been done, the regulatory mechanisms of cellulase genes need deeper 
study.  
T. fusca is a typical actinobacterium and any study on this organism could provide the 
platform for other actinobacteria’s research. In order to know CelR functions on T. 
fusca. Before my study there was no report about molecular manipulations done in 
this organism. More importantly, there are more and more chemicals found in 
actinobacteria, and they all need a powerful genetic tool to study the metabolic 
pathways.  
In this part of work, a chromosome manipulation system and by using this system, I 
have successfully disrupted a celR gene in the chromosome DNA of T. fusca has been 
established. This is the first molecular manipulation work done in the actinobacteria. 
And in this part of research, one the biggest problems in cellulase regulation of T. 
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fusca has been solved.  
The conclusions and fundamental results derived from this part of work: 
1) a protocol disrupting genes in T. fusca has been developed. 
2) a celR deletion strain has significantly different growth and cellulolytic capabilities 
from the wild-type strain.  
3) CelR appears to have functions both as a repressor and an activator when 
regulating cellulase gene expression.  
 
3.1 Introduction 
CelR (Tfu_0938) that has previously been identified as a regulator of several cellulase 
genes and is a member of the lactose repressor family and it binds cellobiose with a 
mM Kd(23). At first, CelR was thought to act as a repressor, and it binds to a 14-bp 
inverted repeat: 5’-(T)GGGAGCGCTCCC(A) which is on the upstream of some 
cellulase genes. Besides, physiological concentrations of cellobiose (the major end 
product of cellulases) were found to cause dissociation of the CelR-DNA complex(22). 
However, Wilson, DB(22) predicted that CelR is not only a repressor but also a 
putative activator. Our previous research also showed that CelR may not be the pure 
repressor of the cellulase gene expressions(5). However, there are few direct 
experiment evidences to prove the real function of CelR on controlling gene 
expressions. Disrupting celR gene in T. fusca is a good way to solve this problem(24, 
49-51).  
Because T. fusca is highly filamentous, thermophilic and high GC content (67.5%)(8), 
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no disruption of its genes was published before. Here, we first describe the adaptation 
to T. fusca of a PCR targeting-based gene disruption protocol(28)that permits the 
deletion of celR gene and got a genetic stable strain of T. fusca. Our approach was to 
apply λ Red (γ, β, exo) system(28) to construct a cassette which contains neo flanked 
at both ends with nucleotides homologous to the desired region of the chromosome of 
T. fusca in E. coli and then transformed the cassette to the T. fusca protoplasts to 
replace the celR gene by double-crossover homologous recombination. Consequently, 
mRNA transcript levels for 18 cellulase-related genes(22)were measured before and 
after celR was disrupted to figure out how CelR regulates cellulase synthesis.  
3.2 Materials and Methods 
3.2.1 Strains and culture conditions 
Thermobifida fusca ATCC BAA-629 was grown in Hagerdahl medium (43) 
containing 1.0% cellobiose. Strains are listed in Table 3. E. coli DH5α was a gift from 
Dr. Rita Shiang in the Department of Human & Molecular Genetics of Virginia 
Commonwealth University. E. coli BW25113 used to propagate the recombination 
plasmid pIJ790{{233 Datsenko, 2000; }} was given by department of Molecular 
Microbiology in John Innes Center, UK. E. coli ET12567 carrying pUZ8002 was the 
nonmethylating plasmid donor strain(52)which was given by Dr. David B. Wilson in 
Department of Molecular Biology and Genetics of Cornell University. All the E. coli 
strains were grown in SOB or LB media.  
3.2.2 Plasmids 
The ampicillin resistance marker bla on pKD20 was replaced by cat, chloramphenicol 
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resistant gene (CmR) thus generating pIJ790 (Table 3). The relevant plasmid structure 
was confirmed by restriction analysis. The 2816 bp DNA fragment which contains 
celR flanked by 901-bp upstream and 892-bp downstream respectively was amplified 
and cloned to pGEM-T vector (Promega, USA) to form pGEM2816. And then most of 
celR was replaced by neo: kanamycin resistance gene (KanR) in pGEM2816 by 
homologous recombination with the help of λ Red in E. coli BW25113 and 
pGEM2948neo was obtained. The neo gene was cloned from pET-30a(+) (Novagen) 
and flanked at both sides by 39-nt nucleotides homologous to celR. pGEM2948neo 
was then introduced to E. coli ET12567 to be non-methylated (Fig. 7). 
3.2.3 Gene replacement on plasmids 
CelR flanked its upstream and downstream nucleotides (C2816) was obtained by 
primers 2816F and 2816R (Table 4) from T. fusca. And then C2816 fragment was 
cloned to pGEM-T vector as the instruction of manufacturer (Promega). 
Table 3 Strains and plasmids used in this study 
Strain Relevant genotype/comments Source/ref. 
E. coli DH5α F-, φ80dlacZΔM15, Δ(lacZYA-argF)U169, deoR, 
recA1, endA1, hsdR17(rk-, mk+), phoA, supE44, λ-, 
thi-1, gyrA96, relA1 
Dr. Rita Shiang, 
Virginia 
Commonwealth 
University  
E .coli BW25113 K12 derivative:  ΔaraBAD,  ΔrhaBAD (24, 28) 
E. coli ET12567 dam, dcm, hsdS, cat, tet (53) 
T. fusca celR::neo This study 
Plasmid   
pGEM-T bla, lacZ Promega, USA 
pGEM2816 bla, celR,lacZ This study 
pGEM2948neo bla,celR::neo,lacZ This study 
pIJ790  λRED (gam, bet, exo), cat, araC, rep101ts (24) 
pET-30a(+) neo, lacI,T7 Novagen, USA 
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E. coli BW25113 carrying pIJ790 was grown overnight at 30°C in 10 ml LB 
containing chloramphenicol(Cm) at 25 μg/ml. 100 μl E. coli BW25113/pIJ790 from 
overnight culture was inoculated into 10 ml SOB containing 20 mM MgSO4 (add 200 
μl of 1M stock to 10 ml SOB) and Cm (25 μg/ml) and it grew for 3-4 h at 30°C 
shaken at 200 rpm to an OD600 of 0.4. After that, the cells recovered by 
centrifugation at 8000×g for 5 min at 4°C. Supernatant was decanted and the cell 
pellet was re-suspended in 10 % glycerol. 50 μl cell suspensions were mixed with 100 
ng (1-2 μl) of purified DNA fragment C2816. The electroporation was carried out in a 
0.2 cm ice-cold electroporation cuvette using a BioRad GenePulser II set to: 200 Ω, 
25 μF and 3.0 kV. The expected time constant is 4.5 – 4.9 ms. Shocked cells were 
immediately added by 1 ml ice cold SOC media and incubated shaking for 1h at 30°C. 
They were spread onto LB agar plates containing Cm (25 μg/ml) ampicillin (Amp) 
(100mg/ml) and incubated overnight at 30°C. Transformants were characterized by 
restriction analysis and DNA sequencing by DNA core in Virginia Commonwealth 
University, and only the plasmids on which C2816 had the same expression direction 
of pGEM-T were used in the next experiment. 39-nt nucleotides were homologous to 
5’ and 3’ parts of CelR whose positions started and ended at 1104577 and 1103895 in 
the genome, respectively. Primers for obtaining neo from pET-30a (+) was flanked by 
the above 39-nt nucleotides. PCR was performed in a 50-μl reaction with 100 ng of 
template DNA, 200 μM dNTPs, 50 pmol each primer, 3% DMSO, according to the 
manufacturer’s instructions (High Fidelity Polymerase, Finnzymes): denaturation at 
98°C for 30s, then 30 cycles with denaturation at 98°C for 10 s, annealing at 55.9°C 
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for 30 s, and extension at 72°C for 1 min 30 s, and elongated at 72°C for 5 min for 10 
min. The neo flanked by 39 nt nucleotides was transformed to E. coli BW25113 
containing C2816 whose λ Red was activated by 1 M L-arabinose and then plasmid 
pGEM2948neo was obtained. 
3.2.4 Preparation of T. fusca Protoplasts 
5% spore suspension with 0.5% glycine was added into a shaking flask and incubated 
for 12 h at 55°C in an orbital incubator shaker. Culture was poured into a 20 ml screw 
cap bottle and precipitated in the bench centrifuge at 10000×g, for 10 min. And then 
the supernatant was discarded carefully. 
Table 4 PCR primers used in this study 
Primer name Sequence 5'-3' Generation of  
2816F CCCaagcttTGCCGTGATGCGGGACTT celR+upstream + downstream  
2816R CACCGTGAACGGGAAAACC  
KanknockF AGTCCGGCCACGCGAGAGGCCGTGAA
GCGGGCGATCAAAATGAGCCATATTCA
ACGGGA 
neo flanked by 39-nt nucleotides 
homologous to celR 
KanknockR CGAGTCGTCGTAGCCGACCACCGCCAC
ATCCTCGGGCACTTAGAAAAACTCATC
GAGCA 
 
CelRF GGGTTGGGGGAACAcatatgGAGCGTC celR  
CelRR TCCGCCTGCCTCCCGTTGTCCTC  
KanF ATGAGCCATATTCAACGGGA neo 
KanR TTAGAAAAACTCATCGAGCA  
NestKanF AAACATGGCAAAGGTAGCGT neo, nested PCR 
NestKanR GAGAAAACTCACCGAGGCAG  
 
The pellet was re-suspended in 15 ml 10.3% sucrose and precipitated in bench 
centrifuge as above and the supernatant should be discarded. Mycelia were 
resuspended in 4 ml lysozyme solution (2 mg/ml P buffer) and incubated at 37°C for 
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2h. Protoplasts were filtered through cotton wool and transferred to a plastic tube. 
Protoplasts were obtained by spinning gently in a bench centrifuge (1000×g, 5 min) 
and then protoplasts were stored in 1 ml P buffer. 
3.2.5 Transformation T. fusca and allelic exchange 
The KanR mutagenized pGEM2948neo were introduced into E. coli 
ET12567/pUZ8002 by electroporation as above and transformed to T. fusca 
protoplasts (Fig. 7). 50 μl samples of protoplasts were dispensed into as many tubes as 
there were transformations. Up to 5 μl DNA solution was added to protoplasts and 
mixed immediately by tapping the tube. 200 μl 25% PEG-1000 was put into P buffer 
and mixed by pipetting up and down four times. Protoplast suspension (100-200 μl) 
was spread on two dried R2YE plates (with 12% sucrose). The solution would spread 
to some extent by itself if the plates were left on a horizontal surface. Plates were 
incubated at 45°C. After 14-20 h, and then they were flooded by melting R2YE agar 
with kanamycin (50 μg/mL) and incubated for another 2 days. Replica-plate to DNA 
agar plates with kanamycin (50 μg/ml) to screen for kanamycin resistant 
transformants. Transformants were validated by DNA sequencing.  
3.2.6 Enzyme activity assay  
Two assays were used to measure the overall cellulase and endoglucanase activity of 
culture supernatants according to the protocol published before(45). All the enzyme 
activity values presented were averages obtained from triplicate measurements. 
3.2.7 Cell density measurement 
Due to the growth physiology of T. fusca (filamentous cells that aggregate), the 
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culture density of T. fusca was determined by measuring cytoplasmic protein content. 
1 mL culture was centrifuged at 10,000×g for 5 min. The pellets were re-suspended in 
fresh media and centrifuged at 10,000×g for 5 min again. Sediments were dissolved in 
200 μl 50 mM Tris-HCl buffer (pH6.8) containing 2 % SDS, 0.1 M DTT and 50 % 
Glycerol. Samples were then pulsar sonicated at 70 % strength for 10 min in an ice 
bath. After centrifuging at 10,000×g for 5 min, the proteins in the supernatant were 
measured by the Bradford protein assay(46). The dry cell weight (DCW) is 
proportionally related to the overall protein content. 
 
Fig. 7 Overview of the strategy for celR replacement in T. fusca. (A) A gene 
disruption cassette containing neo was obtained by PCR by using primers containing 
39-nt homology extensions corresponding to regions of celR gene. The PCR product 
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was transformed to E. coli BW25113/pIJ790 (expressing the λ-Red recombination 
functions), containing pGEM2816 (B) The celR gene was replaced by neo using 
homologous recombination with the help of λ-Red system to form pGEM2948neo that 
was introduced into the methylation-deficient E. coli host ET12567 (C) 
Non-methylated pGEM2948neo was transformed to T. fusca protoplasts with the help 
of PEG-1000. After regenerating over night, soft R2YE with kanamycin was pooled 
to the plates and they were incubated for 2 more days. (D) Double cross-over allelic 
exchange was confirmed by PCR and DNA sequencing.  
3.2.8 RNA preparation and Real-time PCR 
To study molecular-level differences in the cultures of T. fusca, gene expression was 
studied using real-time PCR using cells harvested at the mid-log growth phase and 
early stationary phase corresponding to experimental points exhibiting different 
cellulase activity(6).  
3.2.9 Statistical analysis  
All the data points were measured in triplicate. A Student’s t-test was used for 
statistical analysis.  
3.3 Results 
3.3.1 Adaption of PCR Targeting for T. fusca        
T. fusca is a filamentous, thermophilic and gram-positive bacterium, and its ability of 
hosting vectors is suspicious although there was a report describing transforming 
plasmid pIJ702 to T. fusca protoplasts(54). Recently, allelic exchanges on the 
Escherichia coli chromosome has been achieved by recombination with a 
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PCR-generated selectable marker flanked at both ends by extensions of only a few 
tens of nucleotides homologous to the desired region of the chromosome, when the 
Redα (exo), Redβ (bet), and Redγ (gam) proteins of the phage λ are present in the 
targeted strain (24) and RecBCD, responsible for exonucleases, is inactivated. So, 
using λ Red system is an easy way to construct celR disrupted cassette. Although 
RecBCD complex is absent in T. fusca, RecF, RecO, RecR, and RecN proteins which 
work as exonucleases are present in it. To avoid the degradation of extracellular DNA 
by nucleases in T. fusca, the long nucleotides (>1Kb) homologous to the target gene 
should be used. 2816 bp of celR flanked by its upstream and downstream fragments 
was obtained by high fidelity PCR and cloned into pGEM-T vector forming 
pGEM2816 (Table 3) to transform E. coli BW25113 competent cells. Seven 
transformants were determined to have pGEM2816. To get the plasmid whose 
inserted DNA fragment had the same expressing direction of pGEM-T vector, all of 
them were sequenced and 3 out of 7 had the right insert direction. To disrupt celR, neo 
gene from pET-30a(+) was amplified by primers KanknockF and KanknockR (Table4) 
having two 39-nt nucleotides: 
5’-AGTCCGGCCACGCGAGAGGCCGTGAAGCGGGCGATCAAA, 
5’-CGAGTCGTCGTAGCCGACCACCGCCACATCCTCGGGCAC, homologous to 
upstream and downstream of celR, respectively. Because pET-30a(+) could make E. 
coli BW25113 resistant to kanamycin, to eliminate any trace pET-30a(+), the PCR 
product should be purified by gel isolation, and then transformed to DH5α to 
determine the existing of pET-30a(+). Through the homologous recombination with λ 
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Red system, celR on pGEM2816 was mostly replaced by neo gene forming a new 
plasmid pGEM2948neo. The neo gene was flanked by 1038 bp and 1095 bp 
nucleotides homologous to upstream and downstream of celR at both sides. 
3.3.2 The transformation of Thermobifida fusca 
The transformation of Streptomyces spp has been intensively studied(24, 50, 52, 53) 
and transforming the protoplasts of mycelia is becoming more and more mature. Since 
T. fusca is closely related to Streptomyces coelicolor(8), transforming T. fusca 
protoplasts is feasible. The kanamycin nucleotidyltransferase (kanamycin resistant 
protein) could keep stable under 47 °C(55). Although the optimal temperature for T. 
fusca was 55 °C, it was found that T. fusca was able to grow well as low as 45 °C. So 
to avoid degrading kanamycin nucleotidyltransferase, all the T. fusca culturing work 
was carried on at 45 °C.  
Because the genes coding for a methyl-directed mismatch repair system (MutSLH 
proteins) in T. fusca are absent, the homologous recombination couldn’t happen unless 
extracellular DNA fragments were non-methylated. The pGEM2948neo was 
transformed to the non-methylating E. coli ET12567 containing the RP4 derivative 
pUZ8002 to be demethylated. Because protoplasts were very fragile, after 
transforming pGEM2948neo to them, the plates without kanamycin should be 
cultured in the incubator 45 °C for 14-20 hours to regenerate protoplasts and then 
melting R2YE agar medium with 50μg/mL kanamycin was poured to the plate. After 
incubated for 2 days, 11 colonies were found which were replicated to a new R2YE 
plate with 50μg/mL. 3 out of 11 were determined to be resistant to kanamycin and 
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they were validated by DNA sequencing. By culturing 3 transformants on kanamycin 
plates for 20 generations, only one of them kept its resistance and was named 
Thermobifida fusca (celR::neo). 
3.3.3 Characteristics of Thermobifida fusca (celR::neo) in the culture 
To know the fermentative behaviors of mutant T. fusca, cell growth and specific 
cellulase activity were measured. The mutant strain was cultured on cellobiose and 
glucose to determine if glucose repressed T. fusca growth. 
 
Fig. 8 Growth phenotypes of wild-type and celR deletion strains. The dry cell weight 
(DCW in g/L) of the celR deletion strain (open symbols) of T. fusca on glucose and 
cellobiose and the wild-type (WT) strain (filled symbols) of T. fusca on glucose and 
cellobiose over the course of bioreactor growth. 
 
In Fig 8, the lag phases both on cellobiose and glucose were very long (28 h and 34.5 
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h, respectively) compared to the wild –type strain which was less than 9.5 h. The 
mutant strain reached its stationary stage at 36.5 h on glucose but 43.5 h on cellobiose 
and the maximal cell weight on cellobiose was 66.7% of that on glucose. 
In Fig 9, the maximum specific cellulase activity (cellulase activity/ dry cell weight) 
of mutant and wild-type T. fusca was 8.84 U/mg and 0.44 U/mg respectively. In Fig 
10, the maximum specific endoglucanase activity (endoglucanase activity/ dry cell 
weight) of mutant and wild-type T. fusca was 4.8 U/mg and 0.29 U/mg, respectively.  
3.3.4 Cellulase gene expressions of wild-type and celR disrupted T. fusca    
To discover the function of CelR on cellulase gene expressions, 18 cellulase-related 
genes were selected to be measured by RT-PCR both in wild-type and celR disrupted 
T. fusca(Table 5). 
CelR is thought to be the repressor of cellulase gene expressions and its binding site 
was the perfect (TGGGAGCGCTCCCA) or imperfect (NGGGAGCGCTCCCN) 
14-bp palindrome on the upstream of the genes(56). Among 18 genes, 9 of them were 
determined to have perfect or imperfect 14-bp palindrome(7, 57). Through the 
RT-PCR data between wild-type and mutant T. fusca, it is shown that Tfu_1627, 
Tfu_2176, Tfu_0901, Tfu_1665 with 1 perfect 14-bp palindrome expressed a lot more 
mRNAs in the mutant than those in the wild-type strain. So, to these genes, CelR only 
acted as the repressor binding 14-bp palindrome site. Tfu_2923 with 1 imperfect 
14-bp palindrome did not transcript at all without CelR, and this is the strong evidence 
showing that 14-bp imperfect palindrome bound by CelR is to activate transcriptions 
of cellulase-related genes in T. fusca. At the same time, Tfu_0620 (2 perfect, 1 
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imperfect palindrome) and Tfu_1959 (1 perfect, 5 imperfect 14-bp palindrome) 
transcribed more in the mutant than wild-type strain. Although, there were 5 imperfect 
binding sites and 1 perfect bind site on Tfu_1959, the transcription of it still increased 
in the mutant T. fusca, which indicates that the ability of CelR repressing transcription 
is much higher than activating. And the fact that specific cellulase activity of the 
mutant was higher than the wild-type T. fusca, could also show that the CelR’s ability 
of repressing is stronger than activating. 
The different abilities of repressing and activating of CelR are probably caused by 
different binding strength of CelR on perfect and imperfect 14-bp palindrome(7, 21). 
Tfu_0934, Tfu_0937 as well as Tfu_0938 (CelR) are on the same gene cluster(8) 
which share the same promoter on the upstream of Tfu_0934 and influence each other. 
Although there is a 14-bp palindrome on the 5’ upstream of Tfu_0934, the 
transcriptions of Tfu_0934 and Tfu_0937 in the wild-type were 3.49 and 11.41 times 
as many as those in the mutant T. fusca, respectively.  
Felix et al(56) predicted that Tfu_1268 (E7) should be repressed by CelR because it 
was induced by cellobiose and repressed by glucose and cellobiose was supposed to 
deactivate CelR binding. Our discovery that the transcription of Tfu_1268 increased a 
lot more in the mutant than the wild-type T. fusca supports the above hypothesis. 
However, on the upstream sequence of Tfu_1268, there are no confirmed CelR 
binding palindrome sites. Besides, Tfu_1074 transcribed less in the mutant than 
wild-type T. fusca. It is indicated that CelR may have more binding choices beside 
perfect and imperfect 14-bp inverted repeats. All transcriptions of other genes without 
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CelR binding site decreased without CelR present.  
 
 
Fig. 9 Cellulase activity in the celR deletion and wild-type strains. (A) Specific 
cellulase activity (cellulase activity per dry cell weight) of mutant and wild-type T. 
fusca. (B) Maximum cellulase activity (U/mL) of the mutant and wild-type strains.  
3.4 Discussion 
All T. fusca cellulases and one of the xylanases (Xyl10A) have one or two copies of 
an upstream 14 base pair DNA sequence, (T)GGGAGCGCTCCC(A), which was 
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found to be the binding site for the transcriptional regulator CelR. It is well known 
that CelR is the repressor of several cellulase transcriptions, but there are more and 
more evidence showing it is not only a repressor but also a putative activator of 
cellulase transcriptions(20). 
 
Fig. 10 Endoglucanase activity in the celR deletion and wild-type strains. (A) Specific 
endoglucanase activity (endoglucanase activity per dry cell weight) of mutant and 
wild-type T. fusca. (B) Maximum endoglucanase activity (U/mL) of the mutant and 
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wild-type strains. 
 
To know the real function of CelR in gene regulations, we first succeeded to disrupt 
the celR gene in Thermobifida fusa by homologous recombination and then analyzed 
the transcriptions of 18 cellulase-related genes as well as the fermentative 
characteristics of the mutant.  
Because T. fusca does not have RecBCD cutting DNA fragment, the efficient λ Red 
system was not able to help disrupt celR gene. By using homologous recombination to 
disrupt celR gene, the long nucleotides homologous to the target gene were used. 
Furthermore, to avoid DNA degradation in T. fusca, we used circular plasmid carrying 
disruption cassette instead of the linear one. T. fusca could recognize pLT1 promoter 
from plasmid pIJ702 and other promoters recognized by Streptomyces(54, 58) and 
express the genes on them, which is harmful to homologous recombination. To avoid 
such problem, a simple commercial T-vector: pGEM-T was used to carry disruption 
cassette and it was not able to replicate in T. fusca.   
By analyzing the RT-PCR data, all genes (except Tfu_1074) with 14-bp palindrome 
binding site for CelR, transcribed more in the mutant than the wild-type T. fusca, 
which indicates that CelR does have the function of repressing cellulase genes. But, it 
was also found that the transcription of gene Tfu_2923 with the imperfect 14-bp 
palindrome was harassed in the mutant compared to the wild-type T. fusca. Besides, 
our previous research by analyzing the cellulase gene expressions on different 
fermentation phases(5) also found the same phenomenon. 
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Table 5 Cellulase-related gene expressions in wild-type and celR disrupted T. fusca 
 
No. 
 
Locus 
 
Gene Product (protein designation) 
Number of perfect and 
imperfect 14 bp palindrome 
Gene expression 
Wild type Mutant P>F 
1 Tfu_1627 β-1,4-Endoglucanase (Cel9B) 1 perfect 59.36 ± 1.68 98.14 ± 14.22 0.009371 
2 Tfu_1074 β-1,4-Endoglucanase (Cel6A) 1 perfect 93.02 ± 5.28 29.27 ± 5.33 0.000124 
3 Tfu_0620 β-1,4-exocellulase (Cel6B) 2 perfect, 1 imperfect 34.94 ± 1.08 69.55 ± 5.47 0.000424 
4 Tfu_2176 β-1,4-Endoglucanase (Cel9A), Progressive 1 perfect 169.51± 17.82 456.57 ± 39.32 0.000324 
5 Tfu_0901 Endo-1,4-β-glucanase (Cel5A) 1 perfect 51.85 ± 3.81 167.06 ± 22.29 0.00091 
6 Tfu_1959 β-1,4-exocellulase (Cel48A) 1 perfect, 5 imperfect 47.64 ± 3.27 86.48 ± 12.67 0.006786 
7 Tfu_1268 Predicted cellulose-binding protein (E7) None 82.08 ± 10.07 151.16 ± 18.34 0.004626 
8 Tfu_1665 Predicted cellulose-binding protein (E8) 1 perfect 50.19 ± 2.63 65.21 ± 5.37 0.012149 
9 Tfu_0934 Predicted ABC-type sugar transport system, periplasmic 
component for cellobiose/ cellotriose 
1 perfect 138.12 ± 4.02 39.57 ± 12.34 
0.000193 
10 Tfu_0937 β-Glucosidase (BglC) None 335.90 ± 7.13 29.42 ± 5.35 4.76E-07 
11 Tfu_0938 CelR None 83.23 ± 5.17 — — 
12 Tfu_2923 β-1,4-Endoxylanase (Xyl10A) 1 imperfect 19.53 ± 1.69 — — 
13 Tfu_2788 Putative β-1,4-endoxylanase None 80.57 ± 9.57 26.40 ± 4.11 0.000841 
14 Tfu_1213 β-1,4-Xylosidase None 33.40 ± 2.49 19.56 ± 3.56 0.005266 
15 Tfu_2791 β-1,4-Endoxylanase (Xyl10B) None 25.14 ± 1.04 24.26 ± 6.3 0.823064 
16 Tfu_1612 Putative secreted xyloglucanase None 31.02 ± 2.29 7.46 ± 0.99 8.18E-05 
17 Tfu_2990 Putative secreted xylanase None 32.89 ± 1.19 8.26 ± 0.71 6.63E-06 
18 Tfu_0900 Putative secreted β-mannanase None 5.35 ± 0.23 12.14 ± 0.89 0.000215 
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The imperfect 14-bp palindrome was believed to be bound by CelR. The reason for 
this is that imperfect 14-palidrome on upstream of cellulase genes bound by CelR is 
responsible for activating transcriptions of cellulase genes, which has been predicted 
by Wilson DB(20). So, a question comes: what if a cellulase gene has both perfect and 
imperfect CelR binding sites? 
Tfu_1959 with 1 perfect and 5 imperfect binding site probably gives us the answer. 
Tfu_1959 in the mutant transcribed 1.8 times as much as that in wild-type, and in this 
condition the effect of 5 imperfect binding sites is much weaker than 1 perfect binding 
site. It is concluded that CelR prefers binding perfect 14bp inverted repeat when both 
of them exist on the upstream of cellulase genes. On the level of the specific cellulase 
activity which is directly influenced by cellulase gene expressions, the specific 
cellulase activity increased a lot without CelR present and in this condition, the total 
cellulase transcriptions should also increase compared to the wild-type T. fusca. The 
change of specific cellulase activity proves that the repression ability of CelR is 
stronger than activation. Tfu_1074 has the perfect 14-bp palindrome, but its 
transcription decreased without CelR and the reason of this needs the further study.  
By analyzing the cell growth curves of T. fusca (celR:neo) on cellobiose and glucose, 
it is found that the cell growth rate and cell density on glucose were higher than those 
on cellobiose. At the same time, Tfu_0934 responding to transport cellobiose through 
the membrane and Tfu_0937 coding β-glucosidase(59) expressed few mRNAs in the 
mutant than those in the wild-type T. fusca. The slow growth of the mutant strain on 
cellobiose was resulted by the low transcriptions of above two genes, which reduced 
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the transportation rate and degradation rate of cellobiose. Tfu_0934, Tfu_0937 as well 
as Tfu_0938 (celR) are on the same gene cluster. The replacement of celR by neo 
damaged structure of the whole gene cluster and interrupted other genes’ expressions, 
and although there is a binding site for CelR, the absence of CelR wouldn’t help 
increase the transcriptions of other genes on the cluster. 
3.5 Conclusions 
Overall, we have established and demonstrated a method for manipulating 
chromosomal DNA in T. fusca that can be used to further study its cellulolytic 
capabilities. Components of this developed method may be useful in developing 
genetic engineering methods in other currently intractable organisms. 
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CHAPTER 4 METABOLIC ENGINEERING OF THERMOBIFIDA FUSCA 
FOR DIRECT AEROBIC BIOCONVERSION OF UNTREATED 
CELLULOSIC BIOMASS TO 1-PROPANOL 
Since I have successfully developed a powerful tool for disrupting genes in T. fusca, 
this part of work is about how to apply this protocol in the biofuel synthesis in T. 
fusca. T. fusca is able to directly use the untreated raw materials such as switchgrass 
and corn stover to grow as well as produce cellulases. The ideal situation would be T. 
fusca could also directly convert cellulose to biofuels and if it were feasible, it will be 
a great example ever to show that aerobic organisms were also able to synthesize 
biofuels by consolidated bioprocessing. 
The consolidated bioprocessing (CBP) is featuring cellulase production, cellulose 
hydrolysis and fermentation in one step and this process is thought to be the most 
efficient one to produce biofuels among all the means. In this part of work, I would 
tell you an amazing story about how to engineer a cellulolytic organism to a super 
aerobic organism with the ability to produce 1-propanol. By analyzing the pathways 
of T. fusca, it has been found that there are only two steps missing in T. fusca to 
produce 1-propanol from propanoyl-CoA, and we succeeded to insert a bifunctional 
adehyde/alcohol dehydrogenase gene (adhE2) into the chromosome of T. fusca based 
upon the gene disruption protocol developed in chapter 2.  
The conclusions and fundamental results derived from this part of work: 
1) Our characterization of this organism shows that T. fusca uses a pathway that 
produces propanoyl-CoA from succinyl-CoA  
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2) Engineered cellulolytic actinobacterium T. fusca to directly convert cellulose to 
1-propanol  
3) T. fusca B6 strain can produce 1-propanol from a variety of carbon sources 
including raw, untreated switchgrass and corn stover  
4) T. fusca has a high native tolerance to 1-propanol 
4.1 Introduction 
Metabolic engineering approaches to cellulosic biofuel production have largely been 
directed at improving the rate of cellulose degradation(60-62) and expressing 
appropriate genes for production of desired products including ethanol, higher 
alcohols or hydrocarbons(63-65). The culmination of these efforts could be a 
consolidated bioprocessing (CBP) scheme(2, 66, 67) where cellulose could be 
converted to a desired biofuel by a single organism. The challenge impeding 
consolidating bioprocessing of cellulosic biomass is development of a microorganism 
with the desired combination of features. Most of cellulolytic organisms have low 
product yields and are difficult to genetically manipulate whereas genetically-tractable 
model organisms lack cellulolytic capabilities. Here a recently developed system for 
chromosomal manipulation of T. fusca was utilized (6) to generate a designed strain 
that directly converts raw plant biomass to 1-propanol. 
1-propanol, along with 1-butanol, has been identified as a potential next-generation 
gasoline substitute(68) that is compatible with existing infrastructure and can be 
potentially used as a straight replacement for petroleum-based gasoline. 1-propanol 
has been detected in small quantities (<70 mg/L) in Clostridia species(69) and 
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yeast(70).  More recent work on Escherichia coli has led to a 1-propanol titer of ~ 1 
g/L(68) for growth on glucose.   
4.2 Materials and Methods 
4.2.1 Strains and culture conditions  
E. coli BW25113 was used to propagate pIJ790(28). All the E. coli strains were grown 
in SOC or LB media. Clostridium acetobutylicum ATCC 824 was incubated according 
to Yu et al(71).  
Thermobifida fusca YX and B6 were grown in Hagerdahl medium containing 
different carbon sources at 46 °C. Both strains were cultured in Erlenmeyer flasks 
with the rubber stoppers to create a semi-aerobic environment. 50 mL pre-cultures of 
T. fusca YX and B6 were grown at 46°C and 200 rpm for 24 hours in a 500 mL 
Erlenmeyer flask. Growth cultures for testing were inoculated using 5 % of the 
pre-culture and grown at 46°C and 200 rpm. Cell growth was measure at OD 600 nm.  
To test if T. fusca could utilize unpretreated biomass as a carbon source, dry untreated 
switchgrass and corn stover (obtained from National Renewable Energy Lab, USA) 
were used. The switchgrass and corn stover were mechanically milled using a coffee 
grinder before being added to minimal Hagerdahl medium. 
4.2.2 Plasmid construction 
The general strategy of adding the adhE2 gene into the chromosome of T. fusca is 
shown in Fig. 11. The adhE2 gene was amplified from Clostridium acetobutylicum 
ATCC 824 using primers adhE2F (CGAGCTCTATAAGGCATCAAAGTGTGT) and 
adhE2R (GGCATGCGTCTATGTGCTTCATGAAGC) and was integrated into the 
pGEM-T vector according to the manufacturer’s instructions (Promega). The integrity 
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and direction of adhE2 in pGEM-T was verified by sequencing to ensure that adhE2 
was integrated with the same transcriptional direction as the MSC site. The 
constructed adhe2-PGEM plasmid was transformed into competent E. coli 
BW25113/pIJ790(6)that had the λ RED system for homologous recombination. To put 
a selective marker to adhE2, the kanamycin resistant gene (kan) was used. The kan 
gene was amplified from pET-30a(+) (Novagen) by using primers 
kanadhe2F(TATAAGGCATCAAAGTGTGTTATATAATACAATAAGTTT 
ATGAGCCATATTCAACGGGA) and 
kanadhe2R(TTATATACACTCCTTTATAAAATTTATTATTAGTTTGAT 
TTAGAAAAACTCATCGAGCA). These two primers contained 39-bp DNA 
fragments respectively which were homologous to the upstream of adhE2 gene in 
adhe2-PGEM. The kan cassette was then transformed into E. coli BW25113/pIJ790 
with adhe2-PGEM. With the help of λ RED system, the kan gene was integrated 
upstream of adhE2 by homologous recombination to form the new plasmid 
kan-adhE2-PGEM. To replace the celR gene, two ends of kan-adhe2 cassette were 
flanked by two 39-bp DNA fragments homologous to upstream and downstream of 
celR, respectively by primers 
celkanadhe2F(GATGCCGGGACGGCGCGGTCGTGGGTTGGGGGAACAAGG 
ATGAGCCATATTCAACGGGA) and 
celkanadhe2R(CGTCCACCGCGGGCGCGGATCCAGGGCGACGTGCGGACC 
GTCTATGTGCTTCATGAAGC). The plasmid pGEM2816 was constructed in our 
lab previously(6). The kan-adhe2 cassette was transformed to BW25113/pIJ790 with 
pGEM2816 and kan-adhe2 cassette replaced celR gene and the upstream and 
downstream of celR flanked on the both ends of kan-adhe2 and the new plasmid was 
named kan-adhe2-celR-PGEM.  
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4.2.3 Transformation T. fusca and allelic exchange  
The plasmid of kan-adhe2-PGEM was introduced into E. coli ET12567/pUZ8002 by 
electroporation and transformed to T. fusca protoplasts and detailed procedure was 
described by our lab previously (6). The kan-adhe2 cassette of transformants was 
amplified by primers 2816F and 2816R and directly sequenced by Sanger sequencing.  
4.2.4 Cytoplasmic protein measurement. 1 mL culture was centrifuged at 10,000×g 
for 5 min. The pellets were re-suspended in fresh media and centrifuged at 10,000×g 
for 5 min again. Sediments were dissolved in 200 μl 50 mM Tris-HCl buffer (pH6.8) 
containing 2 % SDS, 0.1 M DTT and 50 % Glycerol. Samples were then pulsar 
sonicated at 80 % strength for 10 min in an ice bath. After centrifuging at 10,000×g 
for 5 min, the proteins in the supernatant were measured using the Bradford protein 
assay(46). 
4.2.5 Metabolite detection. The produced alcohols were detected by gas 
chromatograph-mass spectrometry (GC-MS) equipped with a flame ionization 
detector. The culture broth supernatant was injected in split injection mode (1:15split 
ratio) using isopropanol as the internal standard. Detailed procedures are described 
in(72). Other chemicals were detected by HPLC system (Dionex Ultimate3000) 
equipped with Bio-Rad HPX-87H ion exclusion column. The mobile phase was 0.005 
mol/L H2SO4 at the rate of 0.6 ml/min using IR and UV detectors.  
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Fig. 11 Strategy for replacing celR by adhE2 gene in the chromosome of T. fusca. 
(a)The adhE2 gene was added into the pGEM-T vector. The kan was obtained by PCR 
by using primers containing 39-nt homology extensions corresponding to the 
upstream of adhE2. The PCR product was transformed to E. coli BW25113/pIJ790 
(expressing the λ-Red recombination functions), containing adhE2-PGEM (b) The 
kan-adhE2 cassette was amplified by the primers with 39-nt homologous extension 
corresponding to the upstream and downstream of celR gene in T. fusca. (c) celR was 
replaced by kan-adhE2 cassette by homologous recombination. (d) (e) The new 
plasmid celR-kan-adhe2 was introduced the T. fusca protoplasts. (f) The homologous 
recombination helped to replace celR gene in T. fusca by kan-adhe2 cassette. 
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4.2.6 Enzymatic assays 
Threonine dehydratase 
The assay was based on the conversion between α-ketobutyrate and 
α-hydroxybutyrate catalyzed by lactic dehydrogenase, with the corresponding 
oxidation of NAD to NADH monitored at 340 nm(73). The reaction mixture (200 μL) 
contained 0.1 μmol of NADH, 1μmol of DTT, 1.5 units of lactic dehydrogenase, 25 
μmole of L-threonine, 20 μmole of potassium phosphate buffer (pH 7.5) and cell 
extract. All assays were conducted with a minimum of three biological replicates. 
Pyruvate oxidase. 
Oxidative pyruvate decarboxylation was determined by oxidative coupling of the 
reaction product, H2O2, with 4-aminoantipyrine in the presence of horsedish 
peroxidase and sodium 2-hydroxy-3,5-dichlorobenzene-sulfonate(74). The assay 
mixture consisted of 0.05M potassium phosphate (pH 6.5), 10% (v/v) glycerol, 40 
mM pyruvate, 2 mM 4-aminoantipyrine, 7 mM 
2-hydroxy-3,5-dichlorobenzene-sulfonate and 0.4 U/L horseradish peroxidase. And 
the resulting colored was measured at 546 nm. All assays were conducted with a 
minimum of three biological replicates. 
Propionyl-CoA: succinyl-CoA transferase 
The reaction was conducted in the 96-well microplate. The reaction mixture had 250 
μL consisting of Mixture 1(250 mM Tris/HCl buffer (pH 8.0), 1 mM sodium, malate, 
2.5 mM NAD), 10 mL of 1.5 M sodium, acetate, 10 mL of Mixture 2 (220 units of 
malate dehydrogenase, 35 units of citrate synthase), and 0.1 M potassium, phosphate 
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buffer (pH 6.8) to make up a 1 mL volume), 10 mL of 15 mM succinyl CoA, and 60 
mL of the cell extract(75). The reaction rate at 25°C was followed by measuring the 
absorbance at 340 nm, on the micro-plate reader which increased linearly with time, 
for 3–5 minutes. All assays were conducted with a minimum of three biological 
replicates. 
4.2.7 Measurement of tolerance to 1-propanol 
T. fusca YX and E. coli K12 were used to measure the tolerance to 1-propanol.  
All the measurements were conducted on the 96-well microplate with the cover and 
the plate was well sealed by the tape. Cells were grown to the exponential phase 
where the cells were sensitive to the alcohol and then 200 μl of cell culture was 
aliquoted to the microplated with different concentration of 1-propanol. Cell growth 
was monitored using the microplate reader until the cultures reached stationary phase. 
A minimum of three biological replicates were conducted for each condition tested. 
4.2.8 Statistical analysis  
All the data points were measured in triplicate. A Student’s t-test was used for 
statistical analysis.  
4.3 Results 
4.3.1 Discovery of the pathways to 1-propanol 
Based upon the genome and annotation of the cellulolytic, thermophilic 
actinobacterium, Thermobifida fusca(8), metabolic pathway analysis was used to 
partially reconstruct a constraint-based model of the metabolic network of T. fusca, 
similar to the model that was constructed for the cellulolytic ethanologen, Clostridium 
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thermocellum(76). While no previous reports document the native metabolic 
end-products secreted by T. fusca, our computational analysis and experimental 
results demonstrate that T. fusca produces propionic acid. Secretion of propionic acid 
was observed experimentally using HPLC (data not shown) and mRNA transcription 
of key genes (Tfu_2971 and Tfu_1546) were measured using real-time PCR (data not 
shown) as an indicator of in vivo activity. 
 
Fig. 12 Schematic illustration of 1-propanol production via the threonine and 
succinyl-CoA: propanoyl-CoA pathways in the genetically engineered T. fusca. The 
enzymatic activities of threonine dehydratase, pyruvate oxidase and propionyl CoA: 
succinyl CoA transferase was also shown. 
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Propionic acid is four biochemical reactions removed from 1-propanol (Fig. 12).  
The two reactions involving conversion of propionic acid to propionyladenylate and 
of propionyladenylate to propanoyl-CoA can both be theoretically achieved by an 
acetyl-CoA synthetase (gene Tfu_1546) that is natively found in T. fusca. The 
remaining two reactions to convert propanoyl-CoA to propionaldehyde then to 
1-propanol can be achieved using a single bifunctional butyraldehyde/alcohol 
dehydrogenase such as the adhE2 gene found in Clostridium acetobutylicum. The 
butyraldehyde/alcohol dehydrogenase was identified to catalyze the broad range 
substrates including the reactions from propanoyl-CoA to propionaldehyde and from 
propionaldehyde to 1-propanol.(77) 
4.3.2 B6 mutant strain construction  
The adhE2 gene from C. acetobutylicum was cloned and used to generate a DNA 
construct with the adhE2 gene, a kanamycin resistance gene (kan), and flanking 
regions with homology to the celR (Tfu_0938) gene in T. fusca. Using a protoplast 
fusion protocol customized for thermophiles(6), the constructed 
kan-adhe2-celR-PGEM cassette was used to simultaneously remove the chromosomal 
celR gene in T. fusca and add the kan and adhE2 genes resulting in a strain named 
Thermobifida fusca B6. The CelR protein in T. fusca is a regulator of cellulase 
activity(5, 6, 23), thus with a single recombination event we removed the key 
regulator of cellulase activity and added the bifunctional adhE2 gene. 
4.3.3 Characterization of T. fusca B6 
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Initial characterization of the engineered T. fusca B6 strain was conducted for growth 
on glucose supplemented minimal medium at 46C and compared to wild-type growth 
(ATCC BAA-629) under identical conditions (Fig. 13a). Genetically, the T. fusca B6 
strain differs from the wild-type strain as it contains the adhE2 gene from C. 
acetobutylicum and no longer has the native celR gene which is a key regulator for 
cellulase expression(6). The growth rates (doubling time between 2.5-2.8 hrs) and 
biomass (3.05 g/L for B6 and 1.26 g/L for celR deletion strain) for celR-deletion and 
B6 strains on glucose were comparable. Strain B6 exhibited an abbreviated lag phase 
and reached stationary phase within 23 h as compared to the celR-deletion strain 
which reached stationary phase in about 30 h on glucose. Although there was no celR 
gene in the B6 and celR-deletion strains, the growth rates of them were significantly 
different. The reason for that is probably because of the adhE2 gene in the B6 strain, 
which helped the cell to overcome the bad effect on the growth caused by the lost of 
celR gene in the chromosome DNA. The reason for the growth difference between the 
B6 strain and celR-deletion strain still needs the further study.  
In terms of metabolic end-product secretion profile, a distinct shift in metabolic 
pathway utilization was observed between the wild-type and engineered B6 strains.  
The wild-type strain of T. fusca secretes malate as its major metabolic end-product 
with lower amounts of propionate, and succinate when grown on glucose medium 
(data not shown). The T. fusca B6 strain secretes propionate as its major metabolic 
end-product with 1-propanol, succinate, acetate, and lactate also being secreted (Fig. 
13c). These initial results demonstrated that the genomic integration of adhE2 into T. 
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fusca was successfully expressed and effectively redirected metabolic fluxes to the 
propionate/1-propanol pathway. 
Initially, it was assumed that propionic acid and propanoyl-CoA were being generated 
by the keto-acid biosynthesis pathway (routing through aspartate and threonine) as 
previously demonstrated in E. coli(68). Further investigation identified that T. fusca 
also potentially can produce propanoyl-CoA from succinyl-CoA. To determine which 
pathways were being utilized to produce the propanoyl-CoA as a precursor to 
1-propanol, in vitro enzymatic assays of several keys steps were conducted. It was 
found that in the conditions tested, T. fusca utilizes the succinyl-CoA to 
propanoyl-CoA pathway, but does not utilize the keto-acid pathway (Fig. 11).  This 
finding is consistent with the shifts in end-product secretion where succinate secretion 
is decreased as propionic acid (and 1-propanol) secretion increases. 
4.3.4 Production of 1-propanol 
After comparing basic growth and end-product secretion profiles for the wild-type and 
B6 strains of T. fusca on glucose, a variety of additional carbon sources were tested.  
Two additional standard laboratory substrates, cellobiose and microcrystalline 
cellulose (Avicel), and two standard raw biomass substrates, switchgrass and corn 
stover, were tested. In all conditions, the effective equivalent concentration of carbon 
substrate was kept roughly the same (5 g/L for glucose, cellobiose, and Avicel, and 20 
g/L for switchgrass and corn stover approximating ~30% cellulose content). Growth 
characteristics on the different carbon sources followed expectations where 
progressively slower growth rates and lower biomass occurred with increasing 
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complexity of the carbon source (fastest growth and highest biomass on glucose, 
slowest growth and lowest biomass on switchgrass and corn stover), Fig. 13a. 
 
Fig. 13 Growth characteristics of Thermobifida fusca. A) The cell growth of T. fusca 
B6 on glucose, cellobiose, Avicel, swtichgrass and corn stover and celR-deletion 
strain on glucose. b) 1-propanol production by T. fusca B6 on glucose, cellobiose 
Avicel, swtichgrass and corn stover and by T. fusca wild-type strain on glucose. c) 
By-products secretion of T. fusca B6 on glucose, cellobiose, Avicel, switchgrass and 
corn stover. 
 
Interestingly, the highest observed 1-propanol titers were measured for growth on raw 
 80 
switchgrass (0.48 g/L) and Avicel (0.41 g/L). In a related fashion, the highest 
1-propanol production per dry cell weight (DCW) occurred on the raw biomass, 
switchgrass (0.87 g propanol/g DCW) and corn stover (0.73 g propanol/g DCW). B6 
strain had the highest yield of 1-propanol (37.3 % of the theoretic yield) on 
switchgrass and corn stover compared to the other substrates (Table 6). 
In profiling the metabolic end-products secreted by both the wild-type and engineered 
B6 strains of T. fusca (Fig. 13c), it was interesting to observe that the highest amount 
of 1-propanol produced occurred for growth on switchgrass and cellulose (Avicel) 
with the lowest amounts occurring for growth on glucose. While initially 
counterintuitive, we believe these results may allude to a metabolic bottleneck in the 
last steps of 1-propanol production with the heterologously expressed adhE2 gene. 
For growth on cellulose, a host of cellulolytic enzymes need to be expressed and 
require time to hydrolyze cellulose into glucose monomers for cellular utilization. In 
this case, the amount of readily available glucose and the glucose flux are low. For 
growth on glucose, extracellular glucose is readily available and can be transported 
directly into the cell. Comparing these two scenarios, growth on glucose will subject 
the metabolic network to higher pathway fluxes (due to the higher input flux of 
glucose) than for growth on cellulose.   
Table 6 The yield of 1-propanol on different substrates 
Substrate Amount % of theoretic yield of 1-propanol 
Glucose 5g/L 16.20% 
Cellobiose 5g/L 21.60% 
Avicel 5g/L 35.70% 
Switchgrass 20g/L 37.30% 
Corn stover 20g/L 37.30% 
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In the engineered B6 strain of T. fusca, there is a branch point at propanoyl-CoA 
where propionic acid can be secreted using genes native to T. fusca or 1-propanol can 
be secreted using the adhE2 gene from C. acetobutylicum. During situations of high 
carbon flux (i.e. growth on glucose), if the activity of the heterologously expressed 
adhE2 cannot handle the high carbon load, excess propanoyl-CoA would accumulate 
and must be secreted as propionic acid. Under low carbon flux (i.e. growth on 
cellulose), the activity of the adhE2 is sufficient to process the carbon load and thus 
1-propanol is secreted with no detectable amounts of propionic acid being secreted. 
4.3.5 Tolerance to 1-propanol 
A major limitation in biofuel production (or solventogenesis) is end-product inhibition 
where the desired product may be toxic to cells. In many organisms, the upper-limit 
product titer is dictated by the organism’s chemical tolerance. A series of batch culture 
experiments were conducted with increasing amounts of 1-propanol (Fig. 14) to 
evaluate the native tolerance of T. fusca to 1-propanol. The cells of T. fusca and E. coli 
were obtained at the middle log-phase during the fermentation and then washed by the 
fresh medium. The cells were inoculated in the 96-well plate with the cover which 
was sealed carefully by the tape to prevent 1-propanol from escaping during the test. 
While the addition of 1-propanol did decrease the overall biomass of T. fusca when 
compared to cultures with no added 1-propanol, T. fusca continued to grow under all 
concentrations tested up to a concentration of 50 g/L of 1-propanol and if it was 
higher than 50 g/L, T. fusca cells could not survive. Comparison of 1-propanol 
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tolerance between T. fusca and E. coli showed that T. fusca has a higher native 
tolerance to 1-propanol (Fig. 14) as E. coli ceased to grow above concentrations of 40 
g/L. 
 
Fig. 14 Relative cell yield of T. fusca and E. coli for growth in increasing 
concentrations of 1-propanol. Relative cell yields were calculated as a ratio of cell 
yield at the test 1-propanol concentration compared to cell yield for growth with no 
1-propanol. 
4.4 Discussion 
Overall, there is an engineered the aerobic, cellulolytic actiobacterium Thermobifida 
fusca to directly convert cellulose to 1-propanol. Of particular interest is that the 
engineered T. fusca B6 strain can produce 1-propanol from a variety of carbon sources 
including unpretreated switchgrass and corn stover. The 1-propanol titer achieved by 
our designed strain is on the same order of magnitude as the highest reported 
1-propanol titer from an organism (E. coli grown on glucose) (68). Our 
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characterization of this organism shows that T. fusca uses a pathway that produces 
propanoyl-CoA from succinyl-CoA. The enzymatic activity of the heterologously 
expressed adhE2 gene from Clostridium acetobutylicum appears to be a bottleneck 
step for 1-propanol production and improvements in controlling expression of this 
gene should be able to increase 1-propanol production titers.  
In Clostridium acetobutylicum, the adhE2 gene is only expressed under the condition 
of a high NADH/NAD+ ratio (alcohologenesis)(78). The protein encoded by adhE2 
was thought to be functional only under the anaerobic conditions(78). But others 
found adhE2 protein existing under aerobic or semi-aerobic conditions in 
genetic-engineered E. coli(79) and Pseudomonas putida(80). Nielsen et al argue that 
it may be the method of analysis, and not the sensitivity of this enzyme to dissolved 
oxygen, which is in fact responsible for the inability to assay this step of the butanol 
biosynthetic pathway(80). In this study, 1-propanol was only produced in the 
semi-aerobic environment. In the anaerobic environment, the NADH/NAD+ ratio kept 
high, but the cells couldn’t generate enough NADH for metabolic activities. So, 
allowing a small amount of oxygen during growth was able to not only make T. fusca 
alive but also keep high NADH/NAD+ ratio in the cells. 
T. fusca has a high native tolerance to 1-propanol, so it may be possible in subsequent 
work to increase the overall 1-propanol titer while maintaining a viable production 
strain. 
4.5 Conclusions 
In this study we demonstrate the direct conversion of unpretreated plant biomass to 
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1-propanol in aerobic growth conditions using an engineered strain of the 
actinobacterium, Thermobifida fusca. Based upon computational predictions, a 
bifunctional butyraldehyde/alcohol dehydrogenase was added to T. fusca leading to 
production of 1-propanol during growth on glucose, cellobiose, cellulose (Avicel), 
switchgrass, and corn stover. The highest 1-propanol titer (0.48 g/L) was achieved for 
growth on switchgrass. These results represent the first demonstration of direct 
conversion of cellulose to 1-propanol in an aerobic organism. 
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CHAPTER 5 LABORATORY EVOLUTION AND MULTI-PLATFORM 
GENOME RE-SEQUENCING OF THE CELLULOLYTIC 
ACTINOBACTERIUM THERMOBIFIDA FUSCA 
How to fundamentally increase the yield of cellulases in T. fusca was a key problem. 
Although in chapter 3, the cellulase production by genetic engineering has been 
increased, the biomass was largely destroyed and the mutant strain was not as stable 
as the wild-type strain. How to get a stable mutant strain of T. fusca with obviously 
higher cellulase production became an unsolvable problem before my study.  
To solve this problem, the adaptive evolution was used to train T. fusca cells and got 
nice results. The most amazing ability of adaptive evolution is that the mutant strain 
with mutations accumulated during the evolution are much more stable than the ones 
caused by genetic engineering or other mutagenesis techniques. There were 2 mutant 
strains obtained after the adaptive evolution in 2 different conditions and one of them 
was able to increase cellulase production fundamentally. By sequencing the genome 
of these two strains, it’s able to find the mutations on the chromosome of them and 
this genomic sequencing work was the first one done in T. fusca. Additionally, I have 
developed a powerful tool to relate the mutations to the phenotype changes which are 
the key problems hardly to be solved. 
The conclusions and fundamental results derived from this part of work: 
1) A generalist phenotype evolved strain muS was obtained 
2) A specialist phenotype evolved strain muC was obtained 
3) The mutations of muS and muC were detected by the next-generation genome 
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sequencers 
4) The end-point mutation of Tfu_1867 (flavohemoprotein): specialist phenotype 
5) The end-point mutation of Tfu_0423 (non-ribosomal peptide synthase): generalist 
phenotype 
 
5.1 Introduction 
The potential approach to increase the rate of cellulose hydrolysis is to conduct 
adaptive evolution experiments with a cellulolytic organism. Laboratory adaptive 
evolution has been conducted with a number of different microorganisms (30, 32, 36, 
81, 82)as a means for inducing systemic changes(30, 32-35). In cases where selection 
is based upon growth rate, it has generally been found that adaptive evolution leads to 
an increased growth rate that is related to increased consumption of the limiting 
substrate (83-86). Thus, laboratory evolution may be a means for increasing the rate 
of cellulose hydrolysis in a cellulolytic organism.  
In this study, laboratory adaptive evolution experiments using Thermobifida fusca for 
growth were conducted in two different environmental conditions: 1) evolution of T. 
fusca on cellobiose and 2) evolution of T. fusca by alternating carbon sources between 
cellobiose and glucose daily to produce an evolved specialist strain and generalist 
strain(87). The evolved T. fusca strains were characterized for phenotypic changes 
during evolution and full genome re-sequencing using two different high-throughput 
sequencing platforms was conducted to identify genetic mutations that arose during 
evolution. The acquired mutations contributing the phenotype were also identified. 
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5.2 Materials and Methods 
5.2.1 Adaptive evolution of T. fusca 
Starting with the wild-type strain of Thermobifida fusca whose genome has recently 
been sequenced(8), laboratory evolution experiments were conducted for growth in 
two conditions (both at 55C): 40 days on Hagerdahl medium with 0.1% 
cellobiose(88) or 40 days on Hagerdahl medium where the carbon source was 
alternately switched every day between 0.1% cellobiose or 0.1% glucose. To make the 
cells isogenic, the T. fusca spores were diluted on the agar plate and the single colony 
was picked up to be cultured in the medium.  
Two different evolved strains of T. fusca (mutant grown on cellobiose – muC and 
mutant grown by switching sugars – muS) were generated by serial passage of cells 
into fresh medium(81) while cells remained in exponential growth. The phenotypes 
(cell growth and specific cellulase activity) were measured every day and the amount 
of dilution at each passage was adjusted daily to account for changes in growth rate.  
5.2.2 Grow T. fusca on 96-well micro-plate with different substrates 
T. fusca from pre-culture was harvested and washed by purified water 3 times. To 
scatter the filamentous clumps, the filaments were treated by ultrasonic device at 
10 % strength for 2 min. The treated cells were then added to 300 μl Hagerdahl 
medium with xylose, mannose, sucrose, acetate or citrate respectively on 96-well 
micro-plate with 5% inoculum. The micro-plate was cultured in VersaMax EXT 
microplate reader (Molecular Devices) at 45°C for 24 h. The OD was automatically 
measured every 10 minutes. 
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Fig. 15 The phenotypes of different T. fusca strains. A The cell growth of T. fusca on 
cellobiose and on switching cellobiose and glucose daily, whose start and the end 
point carbon source was glucose; B The specific cellulase activity of T. fusca muS, 
muC and WT; C The cytoplasmic ATP concentration of T. fusca muS, muC and WT. 
Specific ATP levels were defined as the amount of ATP divided by the amount of 
cytoplasmic proteins in T. fusca; D The secretion of by-products in T. fusca muS, muC 
and WT 
5.2.3 Cellulase activity assay  
Two assays were used to measure the overall cellulase and endoglucanase activity of 
culture supernatants. Filter paper was used as the starting material to measure overall 
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cellulase activity, and endoglucanase activity was assayed by the measurement of 
reducing sugars generated from 0.5 % medium-viscosity carboxymethylcellulose 
(CMC). All the enzyme activity assays were measured by a microplate-based 
assay(45). Assays were conducted in a 60 μl volume as follows. A 20 μl aliquot of raw 
enzyme was added into the wells of PCR plates containing 40 μl of 50 mM NaAc 
buffer and a filter paper disk (7 mm diameter) for cellulase activity or 40 μl of 50 mM 
NaAc buffer with 0.5% CMC for endoglucanase activity. After 60 min of incubation 
at 50 °C, 120 μl of 3,5-dinitrosalicylic acid (DNS) solution was added into each 
reaction and incubated at 95 °C in a thermal cycler (iCycler® Thermocycler, BioRad) 
for 5 min. Finally, a 36 μl aliquot of each sample was transferred to the wells of a 
flat-bottom plate containing 160 μl of H2O, and the absorbance at 540 nm was 
measured on VersaMax EXT microplate reader (Molecular Devices). One enzyme 
unit (U) is defined as an average of one μmole of cellobiose equivalent released per 
min in the assay reaction. All the enzyme activity values presented were averages 
obtained from triplicate measurements.  
5.2.4 Cell density and by-product measurement  
Due to the growth physiology of T. fusca (filamentous cells that aggregate), the 
culture density of T. fusca was determined by measuring cytoplasmic protein content. 
1 mL culture was centrifuged at 10,000×g for 5 min. The pellets were re-suspended in 
fresh media and centrifuged at 10,000×g for 5 min again. Sediments were dissolved in 
200 μl 50 mM Tris-HCl buffer (pH6.8) containing 2 % SDS, 0.1 M DTT and 50 % 
Glycerol. Samples were then pulsar sonicated at 70 % strength for 10 min in an ice 
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bath. After centrifuging at 10,000×g for 5 min, the proteins in the supernatant were 
measured by the Bradford protein assay(46). The dry cell weight (DCW) is 
proportionally related to the overall protein content. By products were detected by 
HPLC system (Dionex Ultimate3000) equipped with Bio-Rad HPX-87H ion 
exclusion column. The mobile phase was 0.005 mol/L H2SO4 at the rate of 0.6 ml/min 
and IR and UV detectors were used.  
5.2.5 ATP determination 
ATP was measured by the ATP determination kit from Invitrogen using the protocol 
suggested by the manufacturer. Specific ATP levels were defined as the amount of 
ATP divided by the amount of cytoplasmic proteins in T. fusca. For ATP assays, cells 
were sampled during mid-log phase growth. Experiments were conducted to assay for 
ATP levels for growth in a bioreactor at 55°C with the 0.375 vvm aeration and a stir 
speed of 250 rpm and in 500 ml flasks at 55°C that were shaken at 250 rpm. 1 ml 
culture was centrifuged at 10,000×g for 10 min. The pellets were resuspended in the 
purified water and centrifuged at 10,000×g for 5 min again. Samples were then pulsar 
sonicated at 10 % strength for 5 min in the ice bath to release the ATP. After 
centrifuging at 10,000×g for 5 min, 10 μl supernatant was added into the wells of PCR 
plates containing 90 μl reaction solutions. After incubating in the VersaMax EXT 
microplate reader (Molecular Devices) for 30 s at room temperature, the absorbance 
was measured at 560 nm. 
5.2.6 DNA sequencing  
Genomic DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen) according 
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to the manufacturer’s instructions. All the genomic sequencing libraries were prepared 
according to the manufacturer’s instructions. The isolates from muS and muC were 
sequenced by using 454 GS-FLX sequencer and then these two isolates were also 
sequenced by Illumina Genome Sequencer. In all cases, the single-end reads we 
generated. All the mutations were confirmed by Sanger sequencing. Primers used for 
PCR were designed by Primer Primer5.0. PCR was done in a 25 μl volume using Pfu 
DNA polymerase (Stratagene) and cycled on an MJ Research thermal cycler. Products 
were checked on the agarose gel and purified using QIAquick PCR purification kit 
(Qiagen). 
5.2.7 SNP detection from sequence data 
454 reads were analyzed by manufacturer-supplied software and processed by 
DNAcore at Virginia Commonwealth University. Illumina reads were too short to be 
assembled effectively and thus were mapped directly to T. fusca reference sequence 
using MOM algorithm(89). During the alignment of the Illumina data, sequence 
fragments (between 27 bp to 38 bp in length) were called to a unique genome position 
and only fragments with a perfect sequence match or a single base mismatch were 
used. 
The set of filtered 454 SNP calls that overlapped with filtered Illumina SNP calls 
(excluding any calls in repetitive sequences) was used to approximate the “true” set of 
SNPs for each of the two isolates.  
5.2.8 Testing intermediate evolutionary timepoints 
The intermediate sample was obtained at the certain point of the adaptive evolution. 
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The sample was spread on the agar plate and grew for 2 days. And then, the spores on 
the plate were obtained by washing with the water. The spores were diluted in the 
sterile water by 10-1, 10-2, 10-3, 10-4, 10-5 and the 50 μl of the diluted spores were 
spread on the plate and grew for 1 day. 10 single colonies were picked up and 
inoculated into the medium with cellobiose and cultured for 1 day as the preculture. 
The cells from precultures were obtain by centrifuge, and washed for 3 times with the 
water. The cells from 10 different single colonies were inoculated into a 96-well plate 
with xylose, mannose, sucrose, acetate and citrate as the carbon sources. The cell 
growth was monitored online by the microplate reader. Based on the best growth 
(generalist phenotype) and the worst growth (specialist phenotype), the corresponding 
single colonies were identified, and the genome DNA from them was isolated, and 
sequenced by Sanger sequencing method. The primers were designed to identify the 
mutations of the end-point strain, which were re-sequenced by the next-generation 
sequencing technology. The mutations found both in the best and worst growth strains 
were thought to be neutral to the generalist and specialist phenotypes. The mutations 
found only in the best growth strain but not in the worst growth strain were thought to 
contribute the generalist phenotype, otherwise were thought to contribute the 
specialist phenotype. 
5.2.9 Statistical analysis  
All the data points were measured in triplicate. A Student’s t-test was used for 
statistical analysis. 
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5.3 Results  
5.3.1 Adaptive evolution of T. fusca  
Two different evolved strains of T. fusca (mutant grown on Cellobiose – muC and 
mutant grown by Switching cellobiose and glucose daily– muS) were generated by 
serial passage of cells into fresh medium(81) while cells remained in exponential 
growth. The muC strain was propagated for approximately 284 generations and the 
muS strain was propagated for approximately 220 generations. The two experimental 
conditions for evolution were anticipated to produce a specialized phenotype adapted 
to growth on cellobiose (muC) or a generalist phenotype (muS) that should be more 
adaptable.  
The goal for generating the muC strain was to improve the growth phenotype on 
cellobiose and characterize the associated genetic changes, because previous 
microbial evolution experiments conducted on a single, limiting nutrient(81) have 
produced specialized phenotypes with greatly improved growth phenotypes for the 
given nutrient(84). The goal for generating the muS strain was to produce a variant, 
evolved phenotype that could be characterized and compared with the muC strain. A 
second consideration for the muS strain is that growth and cellulase production in T. 
fusca are impaired by glucose due to regulatory mechanisms(43, 88). Thus, there is an 
increased possibility to study regulatory mechanisms in T. fusca by switching between 
substrates with different regulatory mechanisms.  
5.3.2 Phenotypes of the evolved T. fusca strains 
The muC strain was obtained by evolving T. fusca on limiting amounts of cellobiose 
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as the sole carbon source. The muS strain was obtained by culturing T. fusca 
alternately on glucose and cellobiose which were switched as the sole carbon source 
daily. Both the evolved stains were spread on the agar plates with Avicel as the carbon 
source and only those with the large transparent circles were selected as an indication 
that the colonies were cellulolytic T. fusca and not a contaminant.  
Over the course of evolution, the muC strain decreased in the maximum cell 
concentration from 3.92 ± 0.12 g/L to 1.63 ± 0.10 g/L, whereas the maximum cell 
concentration of muS increased from 0.31± 0.02 g/L to 1.43 ± 0.10 g/L (the staring 
point and the end point of evolution were conducted on glucose)(Fig. 15A). Since 
glucose works as a repressor of cellulase production and cell growth in T. fusca, the 
above phenomenon indicates that the repression of cell growth by glucose in the muS 
was alleviated by evolving the strain in a condition where sugars were continually 
switched. 
Concurrent measurement of specific cellulase activity (cellulase activity per dry cell 
weight) was also conducted using a microtiter plate-based enzyme assay(45) (Fig. 
15B). The specific cellulase activity of muC (1.03± 0.01 U/mg) was significantly less 
than the wild-type (WT) strain (2.63 ± 0.09 U/mg), but the specific cellulase activity 
of muS (3.31± 0.16 U/mg) was higher than both the wild-type and muC strain.  
Additionally, the main metabolic end-products were measured (Fig. 15D) by growing 
the WT, muC, and muS on cellobiose. There was the huge secretion difference of 
malate among these three strains. Meanwhile, the secretions of butyrate and succinate 
remained insignificantly changed in all tested conditions. Importantly, only muC 
 95 
strain secreted acetate during the fermentation. 
In cellulolytic organisms, the metabolic cost of production cellulases can often be 
very high(90) and it has also been shown that protein expression during adaptation 
may abide by a metabolic cost-benefit scheme(91). Thus, intracellular ATP levels 
were also measured (5). It was found that the intracellular ATP levels in the muC 
strain were higher than those of muS and WT strain (Fig. 15C). Although the ATP 
levels in muC were higher than others, the high malate production and the low 
cellulase activity indicate that the consumption of ATP in muC was directed more to 
by-product production than cellulase synthesis. 
5.3.3 Growth phenotypes on various non-evolutional carbon sources 
To more explicitly test if the muC and muS strains resulted in specialist or generalist 
phenotypes, the evolutionary endpoints of each strain were grown on a variety of 
carbon substrates that were not used for the evolution experiments. The muS strain 
did exhibit a more generalist phenotype than the muC strain as it showed increased 
growth capabilities on xylose, mannose, sucrose, acetate, and citrate as compared to 
the muC strain (Fig. 16 B, C).  T. fusca is a filamentous bacterium, and the 
measurement of OD is only used as a rough approximation of growth.  
5.3.4 Multi-platform re-sequencing 
To study the genetic changes occurring in the evolved strains muC and muS, 
high-throughput genome re-sequencing was conducted independently using both the 
Illumina Genome Analyzer and the Roche 454 FLX platforms. Sequence reads 
generated by the Illumina system were aligned to the wild-type reference genome of T. 
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fusca (8)using the MOM algorithm(89)  and 454 pyrosequencing was completed 
using the manufacturer-supplied base-calling software. For T. fusca muC, we mapped 
180,554,318 (98.94% of total) single-end reads with an average depth of 56×  
coverage by Illumina sequencing, and 159,169 reads (99.48% of total) with an 
average depth of 17.2× by 454 FLX sequencing.  
For T. fusca muS we mapped 180,703,707 (98.81% of total) single-end reads with an 
average depth of 56× coverage by Illumina sequence and 218,595 reads (99.49% of 
total) with an average depth of 22× coverage by 454 FLX sequencing. Data from the 
two re-sequencing platforms were analyzed independently and used to increase 
confidence in mutation calls.  
All generated re-sequencing data was analyzed for point mutations (SNPs) and other 
mutational events. During the alignment of the Illumina data, sequence fragments 
(between 27 bp to 38 bp in length) were called to a unique genome position and only 
fragments with a perfect sequence match or a single base mismatch were used. By 
these criteria 135 and 144 SNPs with at least 1× coverage were found in T. fusca muC 
and T. fusca muS, respectively. To increase confidence in the base calling, an arbitrary 
stringent coverage criteria of 30× was set as the cutoff and resulting in 73 and 70 
SNPs being identified in T. fusca muC and T. fusca muS, respectively.  
Genome re-sequencing using moderate read-length 454 pyrosequencing was used as a 
secondary, independent means to evaluate mutations. Using the manufacturer-supplied 
alignment software, 123 mutations were confirmed with high-quality reads in T. fusca 
muC. In strain muS, 126 mutations were found with high-quality reads.  
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Table 7 Genetic variations detected in T. fusca muC and T. fusca muS 
T. fusca muC 
Reference gene Mutation Position Nucleotide change Annotation Amino acid change 
Tfu_0132 155128 T=>C putative hydrolase C(68)=>R 
Tfu_0417 470157 T=>C peptidyl-tRNA hydrolase stop(213)=>Q 
Tfu_0555 631259 T=>C signal transduction histidine kinase NA 
Tfu_0577 658876 A=>G HAD-superfamily hydrolase, subfamily IA, variant 1 NA 
Tfu_0665 771381 T=>C tRNA (guanine-N1-)-methyltransferase NA 
Tfu_0778 919790 T=>C initiation factor 2:Small GTP-binding protein domain NA 
Tfu_0913 1075652 A=>G oligopeptide/dipeptide ABC transporter, ATP-binding protein S(224)=>G 
Tfu_1031 1209775 T=>C long-chain fatty-acid-CoA ligase F(570)=>L 
Tfu_1108 1292195 A=>G UDP-N-acetylmuramoylalanine-D-glutamate ligase A(614)=>G 
Tfu_1374 1592611 A=>G regulatory protein GntR, HTH W(100)=>R 
Tfu_1458 1685076 A=>G conserved hypothetical protein T(191)=>A 
Tfu_1621 1880712 A=>G similar to xylanase/chitin deacetylase NA 
Tfu_1688 1962424 T=>C aldehyde dehydrogenase family protein I(291)=>V 
Tfu_1781 2082958 A=>G possible ABC transporter, permease protein NA 
Tfu_1867 2184179 A=>G non-ribosomal peptide synthase:Amino acid adenylation F(2238)=>L 
Tfu_2363 2780975 C=>T putative zinc proteinase W(121)=>stop 
Tfu_2670 3143192 A=>G conserved hypothetical protein NA 
Tfu_2877 3388783 C=>T putative Lsr2-like protein G(91)=>S 
T. fusca muS 
Tfu_0195 221012 T=>C putative iron-sulphur-binding reductase I(33)=>V 
Tfu_0323 365661 A=>G polyphosphate kinase NA 
Tfu_0403 451972 T=>C hypothetical protein NA 
Tfu_0423 475686 A=>G flavohemoprotein T(367)=>A 
Tfu_0425 480685 A=>G adenylyl-sulfate kinase NA 
Tfu_0677 781810 A=>G elongation factor Ts K(212)=>E 
Tfu_0750 885777 T=>C putative secreted peptidase F(446)=>L 
Tfu_1087 1269440 T=>C regulatory protein, MarR NA 
Tfu_1426 1652369 A=>G hypothetical protein H(440)=>R 
Tfu_1472 1701773 T=>C short-chain dehydrogenase/reductase (SDR) family protein NA 
Tfu_1516 1748226 T=>C hypothetical protein H(12)=>R 
Tfu_2031 2375712 A=>G conserved hypothetical protein Stop(156)=>Q 
Tfu_2363 2780975 C=>T putative zinc proteinase W(121)=>stop 
Tfu_2728 3207758 A=>G putative DNA methylase NA 
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By identifying mutations that were called by both sequencing methods, 66 mutations 
were confirmed to exist in T. fusca muC and 62 mutations were found in T. fusca muS. 
The mutations found on both muS and muC were further verified using PCR and 
Sanger sequencing. Among them, 48 point mutations were common to both T. fusca 
muC (48 of the 66 mutations) and T. fusca muS (48 of the 62 mutations) and were 
found to be errors in the reference genome sequence of wild-type T. fusca. Finally, 18 
out of 66 SNPs in T. fusca muC and 14 out of 62 SNPs in T. fusca muS were found to 
be confirmed point mutations occurring as a result of the adaptive evolution process 
(Table 7).  
In the muC strain, a number of non-synonymous mutations were found. The mutation 
of Tfu_0417, which encodes for a peptidyl-tRNA hydrolase, changed a stop code to a 
glutamine in T. fusca muC, adding 24 amino acids to this protein. Peptidyl-tRNAs are 
recycled by peptidyl-tRNA hydrolase, which hydrolyzes the ester link between the 
tRNA and the peptide(92). The addition of 24 amino acids to peptidyl-tRNA 
hydrolase (213 amino acids on the backbone) likely may disrupt the function of this 
protein leading to the accumulation of peptidyl-tRNAs which can cause cellular 
toxicity(93)in the T. fusca muC strain. The high concentration of ATP accumulated in 
muC was the direct evidence that some of the protein synthesis was halted in the 
cytoplasm. This is potentially one reason why the cell growth and cellulase activity 
declined in this strain after evolving on cellobiose.  
Tfu_1688 encodes the protein belonging to aldehyde dehydrogenase (8) which 
catalyzes acetate to acetaldehyde. The mutation of Tfu_1688 caused its protein to 
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change isoleucine (position 291) to valine. Of the T. fusca strains studied here, only 
the muC strain produced acetate as a metabolic endproduct when grown on cellobiose 
(Fig. 15D) which indicates that the mutation of Tfu_1688 may have affected the 
conversion between acetate and acetaldehyde leading to the accumulation of acetate. 
 
Fig. 16 The growth of evolved T. fusca strains: muS_d40, muS_d20, muC_d40 and 
muC_d20 on five different substrates. A The cell growth of T. fusca on cellobiose and 
on switching cellobiose and glucose daily; B The fitness of muC_d40 on five different 
substrates (end point of adaptive evolution, 10 colonies a--j); C The fitness of 
muS_d40 on five different substrates (end point of adaptive evolution, 10 colonies 
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a--j); D-I The fitness of muS_d20 on five different substrates (intermediate strain, 10 
colonies a--j); J-O The relative fitness of muC_d20 on five different substrates 
(intermediate strain, 10 colonies a--j) 
 
Another mutation found in the muC strain was found in the gene Tfu_1374 that 
encodes a repressor of gluconate operon (GntR) in T. fusca. Gluconate is an important 
intermediate in the pentose phosphate pathway where xylose and mannose enter 
central metabolism. In the cases where growth was studied on non-evolutionary 
substrates (Fig. 16 B, C), the growth rate of the muC strain was significantly lower 
than muS on xylose and mannose. This is potentially a direct reflection of the affect of 
the mutation in Tfu_1374 and the role of gluconate as a metabolic intermediate for 
growth on xylose and mannose. 
5.3.5 Fitness contribution of acquired mutations 
There are few ways to find the relationship between genotype and phenotype after the 
evolutions. Conrad, et al. used the site-directed mutagenesis to create single and 
multiple mutants to directly assess the contributions of mutations individually and in 
combination on the phenotype of adaptive endpoint strains of E. coli(94). But, the 
site-directed mutagenesis is really difficult to be conducted in T. fusca due to the lack 
of genetic engineering tools. To solve the problem, the intermediate-directed 
phenotype-mutation discovery protocol was used to relate the fitness with the 
mutations. 
As previously described, the muS and muC strains had the significantly different 
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fitness on the five different substrates (the muS is generalist but the muC strain is 
specialist). During the adaptive evolution, the different cells with different mutations 
compete with each other to dominate the cell growth(36). Based upon this theory, 
during the adaptive evolution, there should be the cells with the generalist phenotype 
and the cells with specialist phenotype coexisting in the same medium. The mutations 
confirmed in the muS strain which appear in the cells with the generalist phenotype 
but not appear in the cells with the specialist phenotype should contribute the fitness 
of the muS strain; In the muC strain, the mutations confirmed in the muC strains 
which appear in the cells with the specialist phenotype but not appear in the cells with 
the generalist phenotype should contribute to the fitness of the muC strain. 
The intermediate samples (both cellobiose and glucose/cellobiose) of the evolution 
were cultivated on five different substrates and found the samples of the 20th day had 
the moderate fitness (data not shown). These two samples were picked up and spread 
on the agar plates to form single colonies. Ten colonies of each sample were then 
cultured on the five substrates to test the fitness. Of the colonies from the evolution on 
glucose and cellobiose which were switched daily, strain f (Fig. 16D) had the best cell 
growth (the generalist phenotype) and strain c (Fig. 16I) had the worst cell growth(the 
specialist phenotype); Of the colonies from the evolution on cellobiose, strain b, f, h, i 
(Fig. 16K) had the worst cell growth (the specialist phenotype) and strain c (Fig. 16L) 
had the best cell growth(the generalist phenotype), the Sanger sequencing method was 
used to detect all 18 non-synonymous mutation found both in the muS and muC strain 
(Table8). 
 102
The 18 genes confirmed both in muS and muC strains were sequenced in strain c and 
strain f. In the strain c, 16 genes had the same mutations in the muS and muC strains 
except Tfu_2363 and Tfu_0423; in the strain f, 16 genes had the same mutations with 
the muS strain except Tfu_2363 and Tfu_1867. Tfu_2363 had no mutations in the both 
strain c and strain f. 
Table 8 The mutations detected in the intermediate strains of the adaptive 
evolution 
T. fusca muC T fusca muS 
Reference 
gene 
Mutation   
Position 
muC 
endpoint 
muC_d20 
colony b 
muC_d20 
colony c 
Reference 
gene 
Mutation   
Position 
muS 
endpoint 
muS_d20 
colony c 
muS_d20 
colony f 
Tfu_0132 155128 X X X Tfu_0132 155128  X X 
Tfu_0417 470157 X X X Tfu_0417 470157  X X 
Tfu_0913 1075652 X X X Tfu_0913 1075652  X X 
Tfu_1031 1209775 X X X Tfu_1031 1209775  X X 
Tfu_1108 1292195 X X X Tfu_1108 1292195  X X 
Tfu_1374 1592611 X X X Tfu_1374 1592611  X X 
Tfu_1458 1685076 X X X Tfu_1458 1685076  X X 
Tfu_1688 1962424 X X X Tfu_1688 1962424  X X 
Tfu_1867 2184179 X X None Tfu_1867 2184179  X 2184174 
Tfu_2363 2780975 X None None Tfu_2363 2780975 X None None 
Tfu_2877 3388783 X X X Tfu_2877 3388783 X X X 
Tfu_0195 221012  X X Tfu_0195 221012 X X X 
Tfu_0423 475686  475670 X Tfu_0423 475686 X 475670 X 
Tfu_0677 781810  X X Tfu_0677 781810 X X X 
Tfu_0750 885777  X X Tfu_0750 885777 X X X 
Tfu_1426 1652369  X X Tfu_1426 1652369 X X X 
Tfu_1516 1748226  X X Tfu_1516 1748226 X X X 
Tfu_2031 2375712  X X Tfu_2031 2375712 X X X 
 
The site mutation of Tfu_1867 in strain f located in position 2184174 of the genome 
sequence, but the mutation of this gene in strain c located in position 2184179 of the 
genome sequence which was the same as muC. Based on the specialist phenotype of 
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the strain c and the generalist phenotype of strain f, the site mutation of Tfu_1867 
found in muC strain should contribute the specialist phenotype. The site mutation of 
Tfu_0423 in strain c located in position 475670 of the genome sequence, but the 
mutation of this gene in strain f located in the same position of muS strain. The site 
mutation of Tfu_0423 in muS strain should contribute the generalist phenotype. 
The 18 genes confirmed both in muS and muC strains were sequenced in strain b and 
strain c. In strain b, 16 genes had the same mutations in the muS and muC strains 
except Tfu_2363 and Tfu_1867; but in strain c, 16 of them were the same except gene 
Tfu_0423 and Tfu_2363. Tfu_2363 had no mutations in the both strains. Tfu_0423 in 
strain b had the different site mutation in the position 475670 (C=>G) of the genome 
sequence which was different from the site mutation in muS strain. Compared to 
strain c, strain b had extremely bad cell growth on five different substrates (specialist 
phenotype), and it indicated that the mutation of Tfu_0423 in the position 475670 
destroyed the generalist phenotype. So, site mutation of Tfu_0423 in muS strain is 
identified to contribute the generalist phenotype.  
There was no site mutation in Tfu_1867 in strain c, but the mutation of this gene in 
strain b located in position 2184179 of the genome sequence which was the same as 
muC strain. So the site mutation of Tfu_1867 in muC strain should contribute to the 
specialist phenotype. 
During cellulose degradation, both cellulose-hydrolyzing enzymes and cellobiose 
dehydrogenase (CDH), a flavohemoprotein(3), are typically expressed. There is a 
flavohemoprotein (Tfu_0423) in T. fusca. The adaptive evolution on switching sugars 
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(the muS strain) leads to change from threonine (position 367) to alanine. One 
possibility is that this mutation may cause to increase the activity of cellulose 
dehydrogenase that can lead to improved degradation and consumption of cellobiose 
by T. fusca (shown in the muS strain).  
5.4 Discussion  
In this study, it was found that by controlling the environment during adaptive 
evolution of the cellulolytic actinobacterium T. fusca, we were able to generate two 
different evolved phenotypes (a specialist muC and a generalist phenotype muS) that 
both converged to a similar cell yield (1.5g/L). Evolved cells appeared to adjust their 
growth phenotype by modulating cellulase activity, intracellular ATP levels and 
production of metabolic end products.  While the initial expectation was that 
evolution on cellobiose (the muC strain) should produce a specialized phenotype with 
potentially improved growth and cellulase activities, it was found that the muC strain 
tended to reduce its growth and cellulase activity in favor of conserving intracellular 
ATP.  The muS strain, which was subjected to a stress-relief cycle by switching 
carbon sources, exhibited a generalist phenotype with elevated cellulase activity.  
Full genome re-sequencing of both evolved strains using two independent sequencing 
platforms identified 48 errors in the reference genome of T. fusca and found 18 SNPs 
in T. fusca muC (evolved on cellobiose) and 14 SNPs in T. fusca muS (evolved on 
switching between glucose and cellobiose daily). Of the identified point mutations, 
several are non-synonymous mutations with potential impacts on protein function. A 
small number of the point mutations identified in each strain can be implicated in 
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some of the observed phenotypic changes, and however, it is interesting to note that 
the majority of the mutations that arose are not directly related to metabolism or 
cellulose degradation.  
By isolating, phenotypically testing, and sequencing colonies from an intermediate 
timepoint, it was hoped that greater insight could be obtained regarding the functional 
contributions of some of the point mutations. It was interesting to note that most of 
the colonies tested had phenotypes that were somewhere between the phenotypes 
measured for the muC and muS evolutionary endpoints. This was also reflected from 
a genetic perspective as the intermediary colonies also contained a combination of 
mutations found in both endpoint strains. Genes Tfu_1867, Tfu_2363, and Tfu_0423 
were the only genes that were found to be different between colonies and from the 
endpoint strains. The effect of the mutation in Tfu_1867 at position 2184179 can by 
hypothesized to be detrimental to cell growth as all three strains possessing this 
mutation exhibited inhibited growth (muC endpoint-worse growth on cellobiose and 
on secondary substrates, muC_d20 colony b-worse growth on secondary substrates, 
and muS_d20 colony c- worse growth on secondary substrates). The muS endpoint 
strain, muC_d20 colony c, and muS_d20 colony f either did not have a mutation in 
this gene or had a different mutation (muS_d20 colony f) and all showed good growth 
on secondary substrates.  
The functional consequences of the mutation in Tfu_2363 (a putative zinc proteinase) 
are not clear. None of the intermediate day 20 colonies had mutations in this gene and 
both endpoint strains were found to have the same mutation in this gene.  
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For gene Tfu_0423 (a flavoprotein), a correlation can be seen between a mutation and 
growth on secondary substrates. All three populations that possess a mutation at 
position 475686 (muS endpoint, muC_d20 colony c and muS_d20 colony f) showed 
good growth on secondary substrates. The strains that did not have a mutation at that 
position (muC endpoint, muC_d20 colony b, and muS_d20 colony c) showed poor 
growth on secondary substrates. 
5.5 Conclusions  
Overall, this study describes the phenotypic and genetic changes occurring during 
adaptive evolution of a cellulolytic microorganism. It appears that even under growth 
rate selection pressure, T. fusca evolves with a strong consideration of the metabolic 
cost associated with producing and expressing cellulases.  As with other genome 
re-sequencing studies of evolved microbial strains(95)only a small number of point 
mutations were found, and in this case very few of these were directly related to 
metabolic or cellulolytic capabilities. 
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CHAPTER 6 GENOME-SCALE RECONSTRUCTION AND ANALYSIS OF 
THE THERMOBIFIDA FUSCA METABOLIC NETWORK 
In the previous chapters, I have characterized and analyzed T. fusca by fermentation 
engineering, genetic engineering and metabolic engineering. But all these projects 
were focused on parts of T. fusca. And it was found that some parts of metabolic 
pathways changed in T. fusca, and others changed a lot too. I believe that people need 
a powerful platform to oversee the whole genomic pathways of T. fusca, and this 
platform should able to help us rational-design the strains to predict the best way of 
manipulating metabolic pathways before people actually start experimental work. As 
the fast developing of computational technology, people now can use mathematical 
model to enclose all the metabolic pathways of organisms and the model is able to 
predict the metabolic pathway changes according to the different conditions.  
In order to know the genome-scale metabolisms of T. fusca, a genome-scale metabolic 
model of T. fusca was constructed. The model was based on flux balance analysis 
(FBA), and was verified by the experimental results. This T. fusca model is the first 
genome-scale model established in actinobacteria. 
The conclusions and fundamental results derived from this part of work: 
1 A constraint-based metabolic model of T. fusca has been established 
2 The functions of the model has been characterized  
3 The model has been verified to be reliable and predictable for T. fusca metabolisms 
6.1 Introduction 
Genome-scale models have been more and more important to study the functions of 
the biological system. There are a lot of different models have been published over a 
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ten years with different metabolic capabilities by using various methods(96-99). 
These models are fundamentally defined by a list of mass-balanced, and 
charge-balanced reactions(76). Among these methods flux balance analysis (FBA) 
model is the most common one. Maximizing the biomass production has been 
specified as the function of FBA and linear programming is used to identify a single 
point in the space of possible steady-state metabolic states(76). By using appropriate 
constraints and a meaningful objective function, FBA has been successfully used in 
exploring the relationships between genotypes and phenotypes and in the prediction of 
gene deletions, flux distributions and adaptive evolutions(33, 76, 84, 100).  
Recently, the genomic sequence of T. fusca has been published(8) and the regulation 
and characteristics of it have been studied(5, 6, 101). The previous studies have built a 
broad avenue to construct genome-scale constraint-based model of T. fusca. In this 
study, we present a genome-scale model of T. fusca (ATCC BAA-629) which was 
built on FBA and this model consists of 870 reactions involving 450 genes and 1022 
metabolites. Kyoto Encyclopedia of Genes (KEGG)(102) and integrated 
(103)microbial genomes(103) and BRENDA(104) provided the information for the 
genome annotations. By using a constraint-based model of a reconstructed network, 
the range of phenotypes exhibited by T. fusca under different growth conditions were 
computed, and experimentally tested. Furthermore, because the constraint-based 
model can predict the adaptive evolution(84), to dig into the T. fusca model, two 
evolved strains were used. One strain T. fusca muC was obtained by evolving T. fusca 
WT strain on the cellobiose and the other strain T. fusca muS was obtained by 
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evolving T. fusca WT stain on glucose and cellobiose which were switched daily.  
6.2 Materials and Methods  
6.2.1 Initial construction 
The known metabolic reactions in the T. fusca metabolic network were complied 
based on a search of public databases, scientific publications and experimental results. 
An initial list of biochemical reactions was assembled based on predicted enzymatic 
functions in the genomic annotations available from UniProt(105), and KEGG(102). 
Additionally, Enzyme Commission (EC) numbers of annotated T. fusca genes were 
used to select reactions from a set of database reactions, assembled using previously 
published constraint-based metabolic models(76, 99, 106, 107). In general, the 
genome scale-model used the public databases contains incorrect and insufficient 
metabolic pathways due to the incompleteness of the information. To solve this 
problem, the gap filling was necessary. Generally, we used “temporary artificial” 
transport mechanisms to isolate a subsystem of pathways to identify missing 
components(76). The each subsystem was isolated and the subsystem was considered 
as the whole pathways and then analyzed the pathways which could be missing or be 
wrongly annotated.  
6.2.2 Determination of biomass composition 
The reaction “biomass synthesis” is hypothetical reaction in the metabolic network. 
Biomass synthesis has 46 components including DNA, RNA, amino acids, coenzymes. 
The cellular dry weight was divided into the broad categories of protein, RNA, DNA, 
lipids, cell wall, and metabolites, and each category was divided into subcategories to 
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obtain the molar contribution of individual metabolites to cell mass. Distribution of 
individual amino acids, deoxyribonucleic acids, and ribonucleic acids in the protein, 
DNA, and RNA categories was determined by performing counts of each in either the 
whole genome (76). For all simulations presented in the research, the compositions of 
biomass were independent of the environment changes.  
6.2.3 Flux balance analysis (FBA) 
Metabolic fluxes of the T. fusca metabolic network were calculated by using flux 
balance analysis (FBA). In essence, FBA uses linear programming to identify a single 
point in the space of possible steady state metabolisms that optimizes a given 
metabolic objective.  
FBA can be expressed as 
Maximize: Z 
Subject to: S • v = 0, 
ai <vi <bi for all reactions i, 
where Z is the flux on the biomass reaction, S is the stoichiometric matrix (discussed 
below), and v is the vector representing the flux values of each reaction in the model 
(the flux distribution)(108). The first statement gives the objective. The second 
statement encapsulates the steady-state assumption. The third statement encapsulates 
specific flux constraints for each reaction, e.g., whether the reaction is reversible, or 
not (if the reaction is irreversible, then the lower bound is set to zero)(76). These 
bounds can also be used to constrain individual reactions to zero flux (ai = bi = 0) or 
other experimentally-determined flux values. If no information was available, the 
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upper and lower flux bounds were set to 1000 and -1000 mmole/ g-DW/hr, 
respectively. The stoichiometric matrix S is the mathematical representation of the 
reaction list.  
6.2.4 Flux Variability Analysis  
FBA is a reliable tool to solve the optimal solution to the linear programming problem. 
However, the optimal solution could not provide the information of the different flux 
distributions. To test the productions of the by-products, the flux variability analysis 
was used(97). Generally speaking, to analyze the flux variability, the model is first 
analyzed by FBA determining the optimal solution for the biomass reaction flux and 
the flux is then imposed as the constraint. The details are show by Roberts et al (76). 
6.2.5 Adaptive evolution of T. fusca 
Starting with the wild-type strain of Thermobifida fusca whose genome has recently 
been sequenced(8), laboratory evolution experiments were conducted for growth in 
two conditions (both at 55C): 40 days on Hagerdahl medium with 0.1% 
cellobiose(88) or 40 days on Hagerdahl medium where the carbon source was 
alternately switched every day between 0.1% cellobiose or 0.1% glucose. Two 
different evolved strains of T. fusca (mutant grown on cellobiose – muC and mutant 
grown by switching sugars – muS) were generated by serial passage of cells into fresh 
medium(84) while cells remained in exponential growth. The phenotypes (cell growth 
and specific cellulase activity) were measured every day and the amount of dilution at 
each passage was adjusted daily to account for changes in growth rate. After 40 days 
of adaptive evolution, the cell growth and cellulase activity were stable and the 
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evolution experiment was stopped. The muC strain was gained by propagating for 
nearly 284 generations and the muS strain was gained by propagating for 
approximately 220 generations. 
6.2.6 Cell density and by-product measurement  
Due to the growth physiology of T. fusca (filamentous cells that aggregate), the 
culture density of T. fusca was determined by measuring cytoplasmic protein content. 
1 mL culture was centrifuged at 10,000×g for 5 min. The pellets were re-suspended in 
fresh media and centrifuged at 10,000×g for 5 min again. Sediments were dissolved in 
200 μl 50 mM Tris-HCl buffer (pH6.8) containing 2 % SDS, 0.1 M DTT and 50 % 
Glycerol. Samples were then pulsar sonicated at 70 % strength for 10 min in an ice 
bath. After centrifuging at 10,000×g for 5 min, the proteins in the supernatant were 
measured by the Bradford protein assay(46). The dry cell weight (DCW) is 
proportionally related to the overall protein content.  
By products were detected by HPLC system (Dionex Ultimate3000) equipped with 
Bio-Rad HPX-87H ion exclusion column. The mobile phase was 0.005 mol/L H2SO4 
at the rate of 0.6 ml/min and IR and UV detectors were used.  
6.2.7 ATP determination 
ATP was measured by the ATP determination kit from Invitrogen using the protocol 
suggested by the manufacturer. Specific ATP levels were defined as the amount of 
ATP divided by the amount of cytoplasmic proteins in T. fusca. For ATP assays, cells 
were sampled during mid-log phase growth. 1 ml culture was centrifuged at 10,000×g 
for 10 min. The pellets were resuspended in the purified water and centrifuged at 
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10,000×g for 5 min again. Samples were then pulsar sonicated at 10 % strength for 5 
min in the ice bath to release the ATP. After centrifuging at 10,000×g for 5 min, 10 μl 
supernatant was added into the wells of PCR plates containing 90 μl reaction solutions. 
After incubating in the VersaMax EXT microplate reader (Molecular Devices) for 30 s 
at room temperature, the absorbance was measured at 560 nm. 
6.2.8 Determination of the CoA-transferase activity  
The assay mechanism involves the condensation of the formed acetyl-CoA with 
oxaloacetate, and the subsequent liberation of CoA-SH under the influence of the 
citrate synthase. CoA-SH reacted with 5,5’-dithio-bis-(2-nitrobenzoate) to form the 
yellow thiophenolate anion, 2-nitro-5-mercaptobenzoate. Enzyme activity was 
determined by following the formation of this colored product at 410 nm at 25°C and 
pH 7(109, 110).  
The enzyme assay was adapted for microtitre plate measurements. A 50 mM solution 
of Ellman’s reagent was freshly prepared and kept on ice until use. 20 μl of the 
enzyme solution at the appropriate dilution was placed in a well of a 96-well plate. 
The reaction was started by mixing thoroughly 4 μl of Ellman’s reagent to the reaction 
mix and adding immediately to the enzyme solution in the well. A master-mix was 
prepared for several reactions and a volume of Ellman’s reagent was added 
accordingly before dispensing 180 μl of the mix into each well-containing enzyme of 
the microtitre plate. The increase in absorbance was followed at 410 nm every 30 sec 
over 5 min with a thermo-regulated microtitre plate spectrophotometer set at 25°C and 
data were recorded. The plate was briefly shaken before each reading. The negative 
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control contained all reagents but butyryl-CoA 
 
Table 9 Overview of three genome-scale constraint-based models 
 T. fusca 
iYD450 
C. thermocellum  isR432 S. cerevisiae iND750 
Genome size 3.6 Mb 3.8 Mb 12.2 Mb 
ORFs 3117 3307 6276 
Included genes 450 432 750 
Reactions (excluding 
exchanges) 
870 577 1150 
Transport 13 73 308 
Gene associated reactions 748 463 810 
Non-gene associated 
intracellular reactions 
106 60 123 
Non-gene associated 
transports reactions 
16 54 216 
Metabolites 1022 525 464 
6.2.9 Statistical analysis  
All the data points were measured in triplicate. A Student’s t-test was used for 
statistical analysis. 
6.3 Results 
6.3.1 Model description 
We constructed a genome-scale constraint-based metabolic model (denoted for 
iYD450) for T. fusca YX based on the genomic and available physiology evidence. 
This model contains 870 reactions representing 450 genes and 1022 metabolite. 
Most of the reactions were added from KEGG database and some of them were 
founded through experiment and other studies. The basic information about this 
model as well as the other 2 models was shown in Table 9. 748 reactions are 
associated with genes. Of the non-gene associated reactions, 106 are intracellular and 
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16 are transport reactions. Most of the cell envelop biosynthesis in the subsystems of 
the model are the non-gene associated but these genes are extremely important to cell 
functions. There were a lot of classic cell envelops introduced to the model based on 
KEGG database. The transport reactions are fewer than other bacteria genome-scale 
models(76, 97, 106) because in this model, all the transport reactions are directly 
related to the exchanges which can precisely control the mass and energy flow intra 
and extracellular. The regulatory systems are not included in this model.  
 
Fig. 17 Distribution of reactions in T. fusca iYD450 model by functional category 
 
The reactions classified by the functional categories of iYD450 were shown in Fig. 17. 
Amino acid metabolisms form the largest of these which are 213 reactions. In this 
model, T fusca is able to synthesize all 20 amino acids as well as 16 reactions about 
other amino acids, selenoamino acid and cyanoamino acid. The second largest known 
subsystem is vitamins and cofactors, with 119 reactions. It can synthesize different 
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common vitamins such as thiamine vitamin B6, biotin, NAD, pantothenate, riboflavin. 
 
The carbohydrate metabolisms form the third largest subsystem of iYD450 including 
glycolysis, pentose phosphate, pyruvate metabolism, citric acid metabolism. T. fusca 
has two special subsystems: butanoate and propanoate metabolisms which produce 
butyric acid and propionic acid.  
6.3.2 Initial reconstruction 
The initial reconstruction of T. fusca metabolism was assembled based on the existing 
annotations and pathways form KEGG database. In KEGG database, there are 895 
genes (28.01% of total genes) contributing the pathways of T. fusca. These reactions 
were downloaded from KEGG and formed the initial reconstruction of iYD450 model. 
The initial version had several issues, including gaps in critical metabolic subsystems, 
inability to synthesize crucial metabolites in the key pathways, the inability to utilize 
oxygen as well as the loop reactions which kept generating chemical infinitely.  
6.3.3 Gap filling and debug the model 
After modifying the initial version of the model, the second version of it was still 
incomplete due to the gaps in the critical metabolic subsystems. Besides, after 
analyzing the flux variability of the model, there were a lot of reactions whose flux 
was infinite, and it indicated that there were bunch of the loop pathways there. These 
could only be addressed by manually curation of the individual subsystems. Generally, 
we used “temporary artificial” transport mechanisms to isolate a subsystem of 
pathways to identify missing components(76). For examples, in KEGG database, 
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there is no pyrophosphate-dependent phosphofructokinase annotated in glycolysis 
pathway. However, by inspecting the glycolysis pathway, this gene should be 
self-evident, because all the reactions connected to pyrophosphate-dependent 
phosphofructokinase were present in the pathway. To check the genetic evidence of 
the existence of this gene, the BLASTP similarity search engine was used to search 
pyrophosphate-dependent phosphofructokinase sequence against T. fusca translated 
genes. For pyrophosphate-dependent phosphofructokinase (EC 2.7.1.11), all the 
sequences from Uniprot annotated with this EC number were downloaded. And then, 
by using the BLASTP, the reciprocal best hit (RBH) was estimated. By setting RBS at 
10-5(76), it was found there was the sequence encoding pyrophosphate-dependent 
phosphofructokinase in T. fusca.  
Some enzymes which have no genetic evidence in T. fusca, were also added into the 
model if they were validated by experiment. It was found that T. fusca could secret 
butyrate but the enzyme (butyryl coenzyme A transferase) encoding this reaction was 
missing in the butanoate metabolism(109, 110). Based on the published method, the 
specific enzyme activity of 0.008 U/mg in T. fusca was detected. And then butyryl 
coenzyme A transferase was added into the model. 
6.3.4 Comparison of model results to experimental results 
To test the prediction of iYD450, the growth of T. fusca was simulated by applying 
the FBA model, and tested T. fusca on the minimal medium with cellobiose and 
glucose. And then, the experimental cell growth rate was compared with the model 
predictions. Fong et al found that metabolic phenotypes resulting from adaptive 
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evolution can be described and predicted computationally(84) and to estimate the 
flexibility of the model, two evolved strains of T. fusca were also tested by FBA 
model. One strain was obtained by evolving T. fusca WT on the cellobiose and the 
other one was obtained on glucose and cellobiose which were switched as the carbon 
source daily.  
 
 
Fig. 18 Comparison of model predictions to experimental observations. T. fusca 
iYD420 was used to simulate growth in multiple conditions. Actual and predicted 
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reaction flux rates are shown, and predicted fermentation product production rates are 
shown as ranges as determined by flux variability analysis (see Methods). a) T. fusca 
wild-type strain b) T. fusca muC strain c) T. fusca muS strain 
 
6.3.5 Growth on cellobiose and glucose 
The fermentation experiment was conducted in the bioreactor and T. fusca grew in the 
batch culture. The substrate uptake rate (SUR) of cellobiose was experimentally tested 
as 0.75 mmole/g-DW/hr. By adding the major by-products excretion rates to the 
model, the simulated results were found along with the experimental results (Table 
10). The calculated optimal growth rate was 0.167 h-1 which is really close to the 
experimental result 0.170 h-1. It was found that T. fusca was able to produce butyric 
acid during the fermentation. Furthermore, by using the model to calculate the 
by-products, the butyric acid was also found as the by-product and its production was 
within the production range by flux variability analysis (Fig. 18a). The calculated 
range of butyric acid production was from 0.14 to 1.156 mmole/g-DW/hr and the 
experimental butyric acid yield was 0.167 mmole/g-DW/hr. Although the model 
predicted that T. fusca could produce pyruvate but it was not verified by the 
experiment.   
As another important carbon source of T. fusca, glucose was tested by the model and 
experiment. Glucose was thought to inhibit the production of cellulases.(6, 23). Others 
argue that glucose could repress the growth of T. fusca(43, 88). But in the experiment, 
it was found that growth rate of T. fusca on glucose (0.173 h-1) was actually higher 
 120
than that on the cellobiose (0.289 h-1). The simulated results also show that the 
calculated optimal cell growth on glucose (0.211 h-1) is higher than that on the 
cellobiose (0.167 h-1).  
 
Table 10 Comparison between the phenotype for the experimental end point of 
evolution and the computationally calculated optimal phenotype for each evolved 
strain 
 Experimental endpoint Calculated optimal yield 
Strain GR 
(h-1) 
SUR 
(mmole/g-DW/
hr) 
Specific ATP 
level 
(nmole/g) 
GR 
(h-1) 
OUR 
(mmole/g-DW/hr) 
WT(glucose) 0.289 0.315 1.98 0.211 25 
WT(cellobiose) 0.170 0.750 1.79 0.167 17.92 
muC (cellobiose) 0.137 2.350 3.28 0.136 50.62 
muS (glucose) 0.434 4.440 2.12 0.423 43.48 
 
6.3.6 Adaptive evolution  
Thermobifida fusca muC 
Thermobifida fusca muC was generated by evolving T. fusca on cellobiose for 284 
generations. The goal for generating the muC strain was to improve the growth 
phenotype on cellobiose and characterize the associated genetic changes, because 
previous microbial evolution experiments conducted on a single, limiting nutrient 
have produced specialized phenotypes with greatly improved growth phenotypes for 
the given nutrient(84). By adding the major by-products into the model as the 
constraints, the calculated optimal cell growth was 0.136 h-1 on the cellobiose and the 
experimental cell growth was 0.137 h-1, which are really close to each other (Table 
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10). In Fig. 19a, the endpoint cell growth of T. fusca muC was much lower than the 
one at the beginning. This result has also been identified by the model: the calculated 
cell growth rate of T. fusca WT (0.167 h-1) was higher than that of muC (0.136 h-1). 
The FBA model predicted that the muC strain could produce acetate whose maximal 
yield was 0.026 mmole/g-DW/hr (Fig. 18b) but the experimental result showed that 
the yield was 0.083 mmole/g-DW/hr. Butyrate was also be predicted through the 
model, and the yield range was from 0.013 to 1.173 mmole/g-DW/hr and the 
experiment of that was 1.006 mmole/g-DW/hr which perfectly matched the 
prediction.    
Thermobifida fusca muS 
The muS strain was obtained by alternating carbon sources between cellobiose and 
glucose daily. The goal for generating the muS strain was to produce a variant, 
evolved phenotype that could be characterized and compared with the muC strain. A 
second consideration for the muS strain is that cellulase production in T. fusca are 
impaired by glucose due to regulatory mechanisms(22, 23). Thus, there is an 
increased possibility to study regulatory mechanisms in T. fusca by switching between 
substrates with different regulatory mechanisms. The muS strain was cultured on the 
glucose. By adding the major by-products as the substrate uptake rate into the model 
as the constraints, the calculated optimal cell growth was 0.434 mmole/g-DW/hr.  
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Fig. 19 The phenotypes of different T. fusca strains. a) The cell growth of T. fusca on 
cellobiose and on switching cellobiose and glucose daily, whose start and the end 
point carbon source was glucose; b) The specific cellulase activity of T. fusca muS, 
muC and WT 
 
In Fig. 19a, the growth rate (0.423 h-1) of the endpoint of the evolution was higher 
than that at the beginning point of it, which is also higher than the wild-type strain and 
muC strain. The calculated optimal cell growth was close to the experiment result. 
Not like the muC strain, the muS did not secrete acetate experimentally (Fig. 18b). 
6.3.7 The intracellular ATP level and oxygen uptake rate (OUR) 
By imposing the major by-products on the model as the constraints, the calculated 
optimal oxygen uptake rates (OUR) for T. fusca WT on cellobiose and glucose were 
17.92 and 25 mmole/g-DW/h, and OURs for T. fusca muC and muS were 50.62 and 
43.48 mmole/g-DW/h. In the fermentation, the OUR is directly related to the 
intracellular ATP levels(5). So in this case, measurements of intracellular ATP levels 
in the different strains were also conducted to verify the model prediction of OUR. In 
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Table 10, muC on the cellobiose had the highest ATP level and muS glucose had the 
second highest ATP level and then the wild-type strain had the lowest level of 
intracellular ATP. The changes of ATP levels perfectly matched the OURs predicted 
by the model. 
6.4 Discussion 
Gasoline consumption in the US continues to increase despite rising prices for 
consumers resulting in an increasing dependence on foreign oil. Biofuels have been 
proposed as a means to reduce our dependence on foreign oil and to provide a 
long-term sustainable energy. Cellulose is the most common organic compound on the 
earth which can be potentially used as source material for biofuel production but its 
recalcitrant nature hinders the efficiency of degrading it to sugars. Thermobifida fusca, 
a high G-C content, thermophilic, gram-positive soil actinobacterium is able to 
produce cellulases to degrade cellulose to sugars aerobically. Overall, we report the 
construction of a genome-scale metabolic model of T. fusca, iYD450, and the 
accuracy of this model to predict growth and by-products for growing on cellobiose 
and glucose in the batch culture.  
The T. fusca model iYD450 contains 870 reactions representing 450 genes and 1022 
metabolite. Most of the reactions were added from KEGG database and some of them 
were founded through experiment and other studies. This reconstruction model was 
tested by comparing the computational results with experimental results such as 
growth rates, fermentation by-products. By imposing the substrate uptake rate (SUR) 
as well as two major by-products on the model as the constraints, the model’s 
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predicted growth rate closely matches the experimentally measured cell growth. This 
model can also successfully predict the yields of other by-products such as butyrate 
and acetate. This model was proved to predict the phenotype changes of the evolved T. 
fusca strains.   
The butyrate was detected by the GC-MS and HPLC in the T. fusca fermentation 
broth. By searching the KEGG and NCBI database, all the genes encoding the 
butyrate pathways in T. fusca were annotated except the gene encoding butyryl 
coenzyme A transferase (EC 2.8.3.8). Without this gene, the model could predict the 
production of butyrate. To verify if there is butyryl coenzyme A transferase existing in 
T. fusca, an enzymatic essay was employed to do so, and detected the activity of 
butyryl coenzyme A transferase. Based on the by-product and enzymatic assay, the 
reaction converting butanoyl-CoA to butyrate catalyzing by butyryl coenzyme A 
transferase was added into the model. And the experimental result was within the 
prediction range of butyrate. 
In this study, it was found that by controlling the environment during adaptive 
evolution of the cellulolytic actinobacterium T. fusca, we were able to generate two 
different evolved phenotypes (a specialist muC and a generalist phenotype muS) that 
both converged to a similar cell yield (1.5g/L). By adding the constraints (major 
by-products and SUR), the model perfectly predict the growth rate of the muS and 
muC strains. It’s interesting that the adaptive evolution accelerated the oxygen uptake 
rate (OUR) compared to the wild-type strain. And furthermore, the results of the 
intracellular ATP level which was directly related to the oxygen uptake level were 
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measure to be in accordance with the changes of OUR predicted by the model. 
6.5 Conclusions 
In this study, the constraint-based modeling was applied to a genome-scale metabolic 
reconstruction of the cellulolytic actinobacterium Thermobifida fusca. By absorbing 
the genomic sequence data, the experimental measurements of enzyme activities and 
the metabolic fluxes, we constructed a model which accurately predicted the 
phenotypes of T. fusca compared to the experimental results.   
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CHAPTER 7 CONCLUSIONS 
7.1 Summary 
Thermobifida fusca is an aerobic, thermophilic cellulolytic actinobacterium. Its most 
important characteristics were able to produce kinds of enzymes especially cellulases. 
The cellulases of T. fusca were identified to have a broad pH tolerance rang (4-10), 
and high stability in high temperature. The the highly efficient cellulases can be used 
in various industries especially the biofuel industry, because cellulases can degrade 
cellulose to sugars which are used by other microorganism to produce biofuels. 
Although there some anaerobic bacteria which are able to produce cellulase, T. fusca 
is much easier to be cultured and cheaper in in the industry. So, the study of T. fusca is 
of great importance.  
Although T. fusca has been characterized, nothing was done with the fermentation 
engineering of cellulases production in T. fusca. There a lot of parameters affecting 
the cellulase activity during the fermentation such as aeration rate and stirring rate. 
Intracellular parameters such as ATP level, cell growth are also related to cellulase 
activity. But, before this study, there were no report about how these environmental 
and intracellular conditions work synergistically to affect cellulase activity. By 
analyzing T. fusca grown in bioreactor and flask which had different aeration and 
stirring rate, it was found that 1) transcriptions of cellulase-related genes were not 
closely associated with measured differences in cellulase activity and 2) cellular 
energetics (intracellular ATP) correlated more closely to changes in specific cellulase 
activity. In terms of culture system parameters, it was found that increasing the 
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aeration rate and stir speed (to yield a high oxygen transfer coefficient) led to the 
highest cellulase activity but did not appear to affect endoglucanase activity. 
CelR was identified to be the regulator of several cellulase genes transcription. But 
the real function of it was unknown. Chapter 2 argued that CelR protein might be both 
an activator and a repressor of the cellulase genes. The only way to know the function 
of CelR was to knock out celR gene in T. fusca. But T. fusca is not like E. coli or B. 
subtilis, the genetic tools of it were not well developed. I first created a reliable gene 
disruption protocol by homologous recombination and successfully knocked out celR 
gene in T. fusca. It is the first example of doing genetic engineering in 
actinobacterium. By analyzing the transcripts of cellulase genes before and after the 
disruption of celR gene, the function of CelR protein was determined to be not only 
repressor but also activator.  
Since T. fusca is able to directly use cellulose as the carbon source, I was thinking if T. 
fusca could directly convert cellulose to biofuels? By searching for the pathways and 
redid annotations, it was found that there were only two steps from propanoyl-CoA to 
1-propanol and these two steps were catalyzed by aldehyde dehydrogenase and 
alcohol dehydrogenase separately. A bifunctional aldehyde/alcohol dehydrogenase 
gene (adhE2) from Clostridium acetobutylicum was used to catalyze there two steps 
in T. fusca. Because of the lack of plasmids which could express adhE2 gene in T. 
fusca, I used the gene disruption protocol in chapter 3 to replace celR gene by adhE2 
as well as a kanamycin resistant gene. Finally, T. fusca B6 strain with adhE2 gene was 
identified to produce 1-propanol.  
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Adaptive evolution is a good way to screen beneficial mutations in microorganisms. 
To get the new strain with stable mutations which could increase the cellulase activity, 
the adaptive evolution was done in T. fusca. There are two strains muC and muS 
obtained after 40 days of the evolution. The muC strain was obtained by evolving T. 
fusca on cellobiose but the muS strain was obtained by evolving T. fusca on cellobiose 
and glucose by switching them daily. The muC strain with lowest cellulase activity 
was identified to have a specialist phenotype and the muS strain with the highest 
cellulase activity was identified to have the generalist phenotype. To know the 
mutations fixed in muC and muS, the genome re-sequencing tool was used. 18 SNPs 
were found in T. fusca muC and 14 SNPs were found in T. fusca muS.  
The relationship between the remaining identified mutations and the phenotype was 
measured by intermediate-directed phenotype-mutation discovery protocol developed 
in our lab. Tfu_1867 found in muC strain was identified to contribute the specialist 
phenotype. Tfu_0423 in muS strain was identified to contribute the generalist 
phenotype. 
In order to rationally design T. fusca by engineering, I constructed a genome-scale 
model of T. fusca by using the Flux Balance Analysis (FBA). The T. fusca model 
iYD450 contains 870 reactions representing 450 genes and 1022 metabolite. Most of 
the reactions were added from KEGG database and some of them were founded 
through experiment and other studies. 
7.2 Future work 
Although a lot of work has been done in T. fusca which has been described in this 
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dissertation, there some more work in T. fusca can be done in the future. First of all, 
the transcriptomics and metabolomics are needed to be tested and with these data, the 
systems level mechanisms could be discovered and so that the better way to increase 
cellulase and 1-propanol production could be discovered. Second, the transcription of 
adhE2 in T. fusca was under the control of celR’s promoter. So, a stronger promoter 
on the upstream of adhE2 could enhance the transcription of adhE2 gene, and 
1-propanol yield might be increased. Third, although adhE2 gene from Clostridium 
acetobutylicum worked very well in T. fusca, there are a lot more choices of 
bifunctional aldehyde/alcohol dehydrogenase gene (adhE) from different bacteria. We 
could probably try different adhE genes to get the best one which could increase the 
yield of 1-propanol greatly. 
7.3 Commercial feasibility 
During my research, it was found that the cellulase production in T. fusca is very 
powerful and the cellulase activity keeps really high level compared to others in the 
very harsh environment. Because T. fusca is an aerobic bacterium and can use raw 
biomass to grow, the cultivation of T. fusca in the industry is relatively lower than 
anaerobic bacterium and some other aerobes. Because of the special properties, T. 
fusca could be used in the industry to produce cellulases in large scale. In order to 
produce cellulases in the plant, we probably need to scale up the bioreactor from 5 
liter to 100 liter to get more information about fermentation parameters. T. fusca not 
only natively produces cellulases but other chemicals such as butyric acid. We also 
can apply T. fusca into the industry to make it produce these valuable chemicals. 
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APPENDIX  
List of the mutations found by Illumina and 454 sequencers 
 
Table 1 SNPs found by 454 and Illumina sequencing in T. fusca muC 
Gene name       Mutation 
position 
Reference 
Nucleotide  
Variant 
Nucleotide  
Annotation 
Tfu_0006 7892 G C DNA gyrase, B subunit 
Tfu_0089 111508 T C conserved hypothetical protein 
Tfu_0120 143614 A G putative serine protease 
Tfu_0132 155128 T C putative hydrolase 
Tfu_0209 236789 T C hypothetical protein 
Tfu_0251 282668 A G ribonuclease BN 
Tfu_0286 323181 A G signal transduction histidine kinase 
Tfu_0287 325509 A G Protein phosphatase 2C-like, withe 
GAF domain 
Tfu_0362 407639 C T hypothetical protein 
Tfu_0417 470157 T C peptidyl-tRNA hydrolase 
Tfu_0477 542624 T C ATPase 
Tfu_0509 576918 A G hypothetical protein 
Tfu_0555 631259 T C signal transduction histidine kinase 
Tfu_0577 658876 A G HAD-superfamily hydrolase, 
subfamily IA, variant 1 
Tfu_0586 672122 A G alpha-glucan phosphorylase 
Tfu_0597 687407 A G tRNA 
(5-methylaminomethyl-2-thiouridy
late)-methyltransferase 
Tfu_0665 771381 T C tRNA 
(guanine-N1-)-methyltransferase 
Tfu_0686 791293 T C putative aminotransferase 
Tfu_0701 813368 A G Tyrosine protein 
kinase:Serine/threonine protein 
kinase 
Tfu_0723 846152 T C conserved hypothetical protein 
Tfu_0778 919790 T C initiation factor 2:Small 
GTP-binding protein domain 
Tfu_0846 1000754 A G CBS domain protein; 
Cystathionine-β-synthase, also 
known as CBS, is an enzyme 
which in humans is encoded by the 
CBS gene. The protein encoded by 
this gene is involved in the 
transsulfuration pathway. The first 
step of this pathway, from 
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homocysteine to cystathionine, is 
catalyzed by this protein 
Tfu_0897 1056892 A G similar to ADP-heptose:LPS 
heptosyltransferase 
Tfu_0913 1075652 A G oligopeptide/dipeptide ABC 
transporter, ATP-binding protein 
Tfu_0922 1084652 A G kynureninase 
Tfu_1015 1189751 T C cytochrome c oxidase subunit II 
Tfu_1031 1209775 T C long-chain fatty-acid-CoA ligase 
Tfu_1037 1215492 A G phosphofructokinase 
Tfu_1108 1292195 A G UDP-N-acetylmuramoylalanine-D-
glutamate ligase 
Tfu_1138 1328917 A G putative membrane protein 
Tfu_1178 1373569 T C peptidase C56, PfpI 
Tfu_1198 1400067 T C hypothetical protein 
Tfu_1271 1477053 A G PAS:Protein phosphatase 
2C-like:GAF 
Tfu_1285 1492464 T C citryl-CoA lyase 
Tfu_1374 1592611 A G regulatory protein GntR, HTH 
Tfu_1398 1622509 T C Glycine cleavage system P-protein 
Tfu_1451 1679395 T C similar to Protein tyrosine/serine 
phosphatase 
Tfu_1458 1685076 A G conserved hypothetical protein 
Tfu_1480 1711389 T C subunit of CoA-transferase of 
family III 
Tfu_1621 1880712 A G similar to xylanase/chitin 
deacetylase 
Tfu_1630 1896075 T C oligopeptide/dipeptide ABC 
transporter, ATP-binding protein, 
C-terminal 
Tfu_1640 1907593 T C D-alanine--D-alanine ligase 
Tfu_1688 1962424 T C aldehyde dehydrogenase family 
protein 
Tfu_1750 2041998 T C conserved hypothetical protein 
Tfu_1781 2082958 A G possible ABC transporter, 
permease protein 
Tfu_1829,Tfu
_1830 
2133851 T C hypothetical protein 
Tfu_1867 2184179 A G non-ribosomal peptide 
synthase:Amino acid adenylation 
Tfu_1898 2223890 T C putative lipoprotein; a biochemical 
assembly that contains both 
proteins and lipids 
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Tfu_1899 2224396 A G uroporphyrinogen decarboxylase 
HemE; This enzyme is responsible 
for catalyzing the conversion of 
uroporphyrinogen to 
coproporphyrinogen through the 
removal of four carboxymethyl 
side chains 
Tfu_2027 2372264 T C similar to Uncharacterized 
membrane protein putative 
virulence factor 
Tfu_2075 2431903 T C Tyrosine protein 
kinase:Serine/threonine protein 
kinase 
Tfu_2083 2444460 T C PAS/Protein phosphatase 2C-like 
Tfu_2107 2467579 A G hypothetical protein 
Tfu_2182 2562817 A G Ribosomal protein L21 
Tfu_2363 2780975 C T putative zinc proteinase 
Tfu_2513 2960757 T C conserved hypothetical protein 
Tfu_2550 3005099 T C ATP-binding region, 
ATPase-like:Histidine kinase A, 
N-terminal 
Tfu_2604 3075573 A G conserved hypothetical protein 
Tfu_2670 3143192 A G conserved hypothetical protein 
Tfu_2833 3328748 A G putative secreted protein 
Tfu_2877 3388783 C T putative Lsr2-like protein 
Tfu_2888 3405259 T C similar to Uncharacterized 
conserved protein 
Tfu_2914 3430981 A G hypothetical protein 
Tfu_2914 3430633 T C hypothetical protein 
Tfu_2930 3444476 T C glycine betaine/L-proline transport 
ATP-binding subunit 
Tfu_3038 3551965 A G hypothetical protein 
   
 
 
 
 
 
 
 
 
 
 
 
 149
Table 2 SNPs found by 454 and Illumina sequencing in T. fusca muS 
Gene name        mutation 
 Position  
Referen
ce 
Nucleot
ide 
Variant 
Nucleotide 
Annotation 
Tfu_0006 7892 G C DNA gyrase, B subunit;negatively supercoils 
closed circular double-stranded DNA  
Tfu_0089 111508 T C conserved hypothetical protein 
Tfu_0120 143614 A G putative serine protease; proteases (enzymes that 
cut peptide bonds in proteins) in which one of 
the amino acids at the active site is serine 
Tfu_0195 221012 T C putative iron-sulphur-binding reductase 
Tfu_0209 236789 T C hypothetical protein 
Tfu_0251 282668 A G ribonuclease BN 
Tfu_0286 323181 A G signal transduction histidine kinase 
Tfu_0287 325509 A G Protein phosphatase 2C-like, withe GAF domain 
Tfu_0323 365661 A G polyphosphate kinase; ATP + (phosphate)n 
\rightleftharpoons ADP + (phosphate)n+1 
catalyzes the reversible transfer of the terminal 
phosphate of ATP to form a long chain 
polyphosphate  
Tfu_0362 407639 C T hypothetical protein 
Tfu_0403 451972 T C hypothetical protein 
Tfu_0423 475686 A G flavohemoprotein 
Tfu_0425 480685 A G Adenylyl-sulfate kinase 
Tfu_0477 542624 T C ATPase; a class of enzymes that catalyze the 
decomposition of adenosine triphosphate (ATP) 
into adenosine diphosphate (ADP) and a free 
phosphate ion 
Tfu_0509 576918 A G hypothetical protein 
Tfu_0586 672122 A G alpha-glucan phosphorylase 
Tfu_0597 687407 A G tRNA 
(5-methylaminomethyl-2-thiouridylate)-methylt
ransferase 
Tfu_0677 781810 A G elongation factor Ts 
Tfu_0686 791293 T C putative aminotransferase; an enzyme that 
catalyzes a type of reaction between an amino 
acid and an α-keto acid. Specifically, this 
reaction (transamination) involves removing the 
amino group from the amino acid, leaving 
behind an α-keto acid, and transferring it to the 
reactant α-keto acid and converting it into an 
amino acid. 
Tfu_0701 813368 A G Tyrosine protein kinase:Serine/threonine protein 
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kinase 
Tfu_0723 846152 T C conserved hypothetical protein 
Tfu_0750 885777 T C putative secreted peptidase 
Tfu_0846 1000754 A G CBS domain protein 
Tfu_0897 1056892 A G similar to ADP-heptose:LPS heptosyltransferase 
Tfu_0922 1084652 A G kynureninase 
Tfu_1015 1189751 T C cytochrome c oxidase subunit II; an oligomeric 
enzymatic complex which is a component of the 
respiratory chain and is involved in the transfer 
of electrons from cytochrome c to oxygen. 
Tfu_1037 1215492 A G phosphofructokinase,      catalyzes the 
formation of D-fructose 1,6-bisphosphate from 
D-fructose 6-phosphate in glycolysis  
Tfu_1087 1269440 T C regulatory protein, MarR 
Tfu_1138 1328917 A G putative membrane protein 
Tfu_1178 1373569 T C peptidase C56, PfpI 
Tfu_1198 1400067 T C hypothetical protein 
Tfu_1271 1477053 A G PAS:Protein phosphatase 2C-like:GAF 
Tfu_1285 1492464 T C citryl-CoA lyase 
Tfu_1398 1622509 T C Glycine cleavage system P-protein 
Tfu_1426 1652369 A G hypothetical protein 
Tfu_1451 1679395 T C similar to Protein tyrosine/serine phosphatase 
Tfu_1472 1701773 T C short-chain dehydrogenase/reductase (SDR) 
family protein 
Tfu_1480 1711389 T C subunit of CoA-transferase of family III 
Tfu_1516 1748226 T C hypothetical protein 
Tfu_1630 1896075 T C oligopeptide/dipeptide ABC transporter, 
ATP-binding protein, C-terminal 
Tfu_1640 1907593 T C D-alanine--D-alanine ligase 
Tfu_1750 2041998 T C conserved hypothetical protein 
Tfu_1829, 
Tfu_1830 
2133851 T C hypothetical protein 
Tfu_1898 2223890 T C putative lipoprotein 
Tfu_1899 2224396 A G uroporphyrinogen decarboxylase HemE 
Tfu_2027 2372264 T C similar to Uncharacterized membrane protein 
putative virulence factor 
Tfu_2031 2375712 A G conserved hypothetical protein 
Tfu_2075 2431903 T C Tyrosine protein kinase:Serine/threonine protein 
kinase 
Tfu_2083 2444460 T C PAS/Protein phosphatase 2C-like 
Tfu_2107 2467579 A G hypothetical protein 
Tfu_2182 2562817 A G Ribosomal protein L21 
Tfu_2363 2780975 C T putative zinc proteinase 
Tfu_2513 2960757 T C conserved hypothetical protein 
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Tfu_2550 3005099 T C ATP-binding region, ATPase-like:Histidine 
kinase A, N-terminal 
Tfu_2604 3075573 A G conserved hypothetical protein 
Tfu_2728 3207758 A G putative DNA methylase 
Tfu_2833 3328748 A G putative secreted protein 
Tfu_2888 3405259 T C similar to Uncharacterized conserved protein 
Tfu_2914 3430633 T C hypothetical protein 
Tfu_2914 3430981 A G hypothetical protein 
Tfu_2930 3444476 T C glycine betaine/L-proline transport ATP-binding 
subunit 
Tfu_3038 3551965 A G hypothetical protein 
 
 
Table 3 Errors found in reference genome of T. fusca  
Gene name  Mutation 
position 
Reference 
nucleotide 
(error) 
Varian 
nucleotide 
Tfu_0006 7892 G C 
Tfu_0089 111508 T C 
Tfu_0120 143614 A G 
Tfu_0209 236789 T C 
Tfu_0251 282668 A G 
Tfu_0286 323181 A G 
Tfu_0287 325509 A G 
Tfu_0362 407639 C T 
Tfu_0477 542624 T C 
Tfu_0509 576918 A G 
Tfu_0586 672122 A G 
Tfu_0597 687407 A G 
Tfu_0686 791293 T C 
Tfu_0701 813368 A G 
Tfu_0723 846152 T C 
Tfu_0846 1000754 A G 
Tfu_0897 1056892 A G 
Tfu_0922 1084652 A G 
Tfu_1015 1189751 T C 
Tfu_1037 1215492 A G 
Tfu_1138 1328917 A G 
Tfu_1178 1373569 T C 
Tfu_1198 1400067 T C 
Tfu_1271 1477053 A G 
Tfu_1285 1492464 T C 
Tfu_1398 1622509 T C 
Tfu_1451 1679395 T C 
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Tfu_1480 1711389 T C 
Tfu_1630 1896075 T C 
Tfu_1640 1907593 T C 
Tfu_1750 2041998 T C 
Tfu_1829, 
Tfu_1830 
2133851 T C 
Tfu_1898 2223890 T C 
Tfu_1899 2224396 A G 
Tfu_2027 2372264 T C 
Tfu_2075 2431903 T C 
Tfu_2083 2444460 T C 
Tfu_2107 2467579 A G 
Tfu_2182 2562817 A G 
Tfu_2513 2960757 T C 
Tfu_2550 3005099 T C 
Tfu_2604 3075573 A G 
Tfu_2833 3328748 A G 
Tfu_2888 3405259 T C 
Tfu_2914 3430981 A G 
Tfu_2914 3430633 T C 
Tfu_2930 3444476 T C 
Tfu_3038 3551965 A G 
 
 
Table 4 PCR primers for Sanger sequencing 
 
Gene 
name 
Position Forward primer Reverse primer 
Tfu_0006 7892 ATCATCGCGTTCGAAGAAG GAGTTTCACCGAGACGATGG 
Tfu_0089 111508 GCGACAGCAGATCCTTAACC AGTCATGGCGTTTCTCGTTC 
Tfu_0120 143614 GCGATGGTGTTCCTGTTC CGTTCCCCAGCACTTTGA 
Tfu_0209 236789 AGCTCGCCGAAGGGTTAC GGCTTCCAGCACGTAGAAGT 
Tfu_0251 282668 TATGAAGTTCCCCACCCA GGAAGACAACCTGACCGA 
Tfu_0286 323181 ACCAGTGCGAGCAGTTGAG ACTGACCTCGTCGAGCATCT 
Tfu_0287 325509 GGGCGGGGACTTCTACGA TCCACCTCCACGGTTTCG 
Tfu_0362 407639 GCTCACATTCGCATCACTCC GCATGGTCGGTGACGTAGT 
Tfu_0477 542624 CGATGACCTGCCGACGAA CACCCGCCAGTCCAAACC 
Tfu_0509 576918 CGGCACGCTGTCCTCTGT CGCCCAGTCGTAGTAGTCG 
Tfu_0586 672122 TACCGTCCGTACCGTTCT CTTTTCAGGTGGTCTCCC 
Tfu_0597 687407 CGCCGGTATGTCCTGTCGAT AAAGCCCTCCCAACACTCCC 
Tfu_0686 791293 CGCCACCCTCGACTACGT CGCCCCTTCTTCTGCTTC 
Tfu_0701 813368 CACCGTGTCCCGGCATTT TGGGCGACCAGCACCTTC 
Tfu_0723 846152 CCGCTGCAGGATTAGTCTTC CCTGAAGAGACCGTTTCCTG 
Tfu_0846 1000754 GTCATCGGCATCGTCTACCT GACTTCGTCGTCGTACTCGTC 
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Tfu_0897 1056892 GAGCTGCTCGGGTTCTGC CGGTCAAGTCCGTCGTGT 
Tfu_0922 1084652 TGGCGTTGACGGACCTGT CGAACCCGAAACGCAGAA 
Tfu_1015 1189751 GGCAATCCTGTCTCTGTCG GGTCGTAACCGCACAGCTC 
Tfu_1037 1215492 GTACCATCCTCGGCTCCT CGCAAGCGTTTTGTTCTC 
Tfu_1138 1328917 CCTCCGCTACGGTTTGCA TTTCGCCACCCTGTTCCT 
Tfu_1178 1373569 TGAACCCTCCCGCTCTGG CGCAGGCTGGGATACGAC 
Tfu_1198 1400067 ACGGTTGAGGGGTTTGTT AGCGGGTTGGTGTTGAGC 
Tfu_1271 1477053 GTGGTCCCAGGCGAAAGC CCCCGAAGACTACAGCGT 
Tfu_1285 1492464 GTGGAGACGGTGAAAGCC GACCAAGCCTCGGTAGAA 
Tfu_1398 1622509 ACCTACCCTTCCACCCAC TGACTTCTTCTGCCGTGT 
Tfu_1451 1679395 AACCTGCCCGTCCTCGTG TGAGCGGAATGTCCCACC 
Tfu_1480 1711389 CCTCACGAAACGCCAAGT GGCCACAACCCAGGACAG 
Tfu_1630 1896075 GCGTCCCGCATACATCAC GCACCCGACATCTCCCTC 
Tfu_1640 1907593 CCTGGGCGGGTTTCACAA CGGCGGAGAACGCAACAT 
Tfu_1750 2041998 GTCCCACCGACGAAGAGT CCCAACTGAACAGCCAAC 
Tfu_1829, 
Tfu_1830 
2133851 AACCATCCTTCGGCTTCC CGCTACCTCTTCTCCCTC 
Tfu_1898 2223890 GGACGCAACCCGCAAGTA GTGCCCCGCATCCACTTC 
Tfu_1899 2224396 CCGACGCAAGGAAGACAC CCCGAGGTATGGACTGAACT 
Tfu_2027 2372264 TAGGGCAGGGTGAACAGG CGCAGAGTCGGTGATGGC 
Tfu_2075 2431903 CCTCAAACCCTCCAACAT CAAGAGCCTCGTCCAGTT 
Tfu_2083 2444460 GCCGCTGGTGAGGTCAAG GGATGTTCGGGAGGGGTC 
Tfu_2107 2467579 GTCATCCAAGAGGAGGCG TTGGCAGTATGGAAGGGA 
Tfu_2182 2562817 GCTCCTCCCGCTACTTCG GCGCCTGAGACCTCCTTT 
Tfu_2363 2780975 CCGTAGTGGGTCTTGTGG GGACTGGATCGGTTCGTT 
Tfu_2513 2960757 ACCGACAGTTCCACCTCC CAAGCCATCCTGCTCATT 
Tfu_2550 3005099 GGCACCGCTACGGCATTC CACGAGGGTCGCCAGGAT 
Tfu_2604 3075573 GGGCTGGCGTACTTTCTT GCTGCTACTGGCTTTCGA 
Tfu_2833 3328748 ACCGACCTCAACGGCTAC GTTTTCCCGCTGGACACC 
Tfu_2888 3405259 AGCCCCGTAGGGAAGGTC TCGCCGAATCATCCAAGA 
Tfu_2914 3430981 TCCCACCCAAGCAATACG GACGGGCTGACAACGAAG 
Tfu_2914 3430633 TACTTCACGGGCAACAGC TCCGCCAATCCTTCAATA 
Tfu_2930 3444476 CGAACAGCCCACCGAAGT ACCCACGACCTGAACGAG 
Tfu_3038 3551965 TGGGCAGGCATTGGTAAG GGGTGCGTGGTTCTCAAA 
Tfu_0132 155128 GAGTCTGCGGTTCTGATC CAGTGAACAGGTCGTATCC 
Tfu_0417 470157 CGGCTTCGTATATGAACCTG CCAGTGCGGAGAACAGAA 
Tfu_0913 1075652 GATCTCGACGCTGCTCAAC TACCGCTCAACCGCTTGT 
Tfu_1031 1209775 GATGGTCCAGATGGCGTAGT TTGTTACCGTCGTCACACTCT 
Tfu_1108 1292195 GCCTTGTTCTACCTGGAATG
GA 
TGGTGGTCTTGCCGTTGGT 
Tfu_1374 1592611 CGATGAGCAGCGAGTTGTG CTGGAGGTCGGTCGTAACAC 
Tfu_1458 1685076 ACTGCTCCGTGTGGTCCTA TTGAGAAGTTCGTAGCGTGT
T 
Tfu_1688 1962424 CTTCGACCACGATGCTCTC GCGGTGACGATCATCCTTC 
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Tfu_1867 2184179 CCGCATCCAGCACATACAC CGAACTTCCTCACCGATATGG 
Tfu_2363 2780975 TGGTTGTCCAAGACCTCCT AACTTAACGCCTCCACTTCC 
Tfu_2877 3388783 GCGTTCATCCTCATCCAA AACACTCTTCTCAGCCAAG 
Tfu_0195 221012 GGAACGACACCATGATGAA GCGATGCTCTACCTGATAC 
Tfu_0423 475686 TCTGGTACGAGGAAGGAGA
C 
AACTGGTGGAGGCGATCTT 
Tfu_0677 781810 GCCAGCTACATGCACAAGT CACCTCCATCATCGCAGAAG 
Tfu_0750 885777 GTGGAACAACGTCTGGTA TCCGTAGCATCCGTATCA 
Tfu_1426 1652369 ACGCCAAGATCGAAGAAGA CCGCCAGTTGATGAGGAA 
Tfu_1516 1748226 GGTGACATTGCCGTAGAT GTAGAGTTCTCGTCCTATCG 
Tfu_2031 2375712 CCGTCCACTCCGATGATGA GGCGATATTGCGATCATTGAC 
Tfu_2363 2780975 GCTGACCACACTCAACAC TTAACGCCTCCACTTCCA 
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